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Chapter 1: Background and Motivation 
A logical question to ask at the beginning of this research effort is “why undertake it at all?”  Is it important 
to increase the efficiency of mobile air conditioning (MAC)?  Why hasn’t it been done already?  Can it be done?  
The answer to these questions comes from analyzing the past needs of MAC and noting why energy efficiency has 
not been an important design constraint.  Several recent technological changes have increased the importance of 
energy efficiency in MAC systems.   
1.1 MAC design challenges 
In general, most stationary air conditioning and refrigeration units are very sensitive to the energy cost 
needed for operation.  Many systems maintain a cool air space continuously for days, months or even years at a 
time.  Consequently, huge amounts of energy are consumed during their life cycle.  Their ratio of operating (energy) 
cost to first cost is much higher than in MAC.  Therefore, in stationary systems it makes sense to invest more in 
efficiency to generate a long-term savings.  In contrast, MAC consumes energy from the engine only while the 
vehicle is in operation and if the passenger cabin needs cooling.  The contribution of AC systems in total fuel 
consumption of the vehicle is still under investigation.  But, MAC has generally been a luxury item and not 
necessary for the cars operation.  Therefore, any increase in the vehicles operating cost is at the drivers discretion. 
The enhancement in passenger comfort due to MAC is tremendous especially when compared to other air-
conditioned places.  A car’s interior resembles a greenhouse when the windows are shut.  With no shades to block 
the sun, the temperature quickly increases above the ambient temperature, especially if the car is not moving.  A 
house or an office building at least has the option of closing the shades to block some of the sun’s heat.  The large 
glass areas that add to the visibility on many vehicles increases the solar load and makes AC a requirement.  
Consumers are extremely satisfied with the freedom to travel when and where they want, knowing they will arrive 
cool and comfortable. 
MAC systems are unique in operating under an extremely wide variety of conditions.  Condenser air-flow 
rates vary with the speed of the car, compressor speeds vary with the engine, evaporator air-flow rate is set by the 
passengers, and air inlet temperature to either heat exchanger can be as low as 60F(dehumidification) to over 160F!  
Most vehicles are marketed at a national or international level, so the design cannot even use the climatic conditions 
of one region as the expected environment.  There is not a single condition that MAC systems spend most of their 
time operating at.  Too much system optimization, around one operating condition, can lead to unacceptable 
performance at off design conditions.  Robustness is extremely important. 
Another reason MAC has not been designed for high efficiency is the consumers demand for quick 
pulldown of cabin temperature and humidity.  Automobiles are a very fast and convenient method of travel, 
especially when compared to public transportation, walking or biking.  This convenience would be greatly 
diminished if one had to wait 30 minutes for the car’s interior to cool down.  Therefore, these systems are designed 
to have a large cooling capacity at the low compressor speeds and condenser airflow rates present at idle.  This 
problem is intensified by the need for the heat exchanges to be lightweight and compact so as not to use up the 
precious space available under the hood.  Consequently, energy is transferred across large temperature differences 
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and as the 2nd law implies, a large amount of entropy is produced.  This fundamental relationship really sets MAC 
system design apart from almost all other air conditioning applications. 
1.2 Increasing MAC efficiency 
The push for greater efficiency in MAC is a manifestation of the desire to reduce the environmental impact 
of the automobile and reduce fossil fuel consumption.  To a certain extent, this is a marketing issue.  If touting the 
car’s environmental friendliness and reducing fuel consumption can increase automakers net profit, then such 
systems will be developed.  If not, other reasons must exist for increasing efficiency.  The deterioration of the ozone 
layer forced a transition from R-12 to R-134a.  The greenhouse affect is driving a reduction in emissions and 
increasing the interest in alternative fuels, electric vehicles, fuel cells, and hybrid power plants.  Since power 
consumption and tail pipe emissions have a monotonic relationship, a reduction in power also reduces emissions.  
Recently, the EPA has started to require that the air conditioner is on while the car emissions are tested. 
It has been demonstrated that CO2 is a possible refrigerant for MAC (Pettersen [1993], Yin et al, [1998], 
McEnaney et al, [1998]).  In one experimental study (D. Boewe, [1999]), a CO2 system had greater efficiency at 
low ambient temperatures and comparable efficiency at higher ambients when compared to an off the shelf system.  
With zero direct impact on the ozone layer, CO2 may be a logical choice to reduce environmental impact.  However, 
significant retooling costs, servicing expenses and more expensive system elements are slowing down early 
enthusiasm.   It will require some creative engineering to solve these problems and some inherent safety issues.  
Investing in the current technology to achieve a similar decrease in environmental impact could be much less 
expensive.   
As alternative power sources begin to replace the current internal combustion engine, the available power 
will decrease as the cost will increase dramatically.  The increase in overall vehicle cost can be reduced by choosing 
a more expensive but efficient AC system and reducing the engines available power (size) and consequently its cost.  
Therefore, it will become economically feasible to invest more heavily in the research and development of a more 
efficient MAC system. 
Until alternative power plants are in widespread production, the technological advances of a more efficient 
MAC can be used to reduce the package volume while maintaining cooling capacity.  This allows vehicle designers 
to increase cabin space, lower the hood lines or use a larger engine to increase vehicle performance.  Therefore, this 
research is immediately useful and lays the groundwork for the systems needed in the future. 
1.3 Component selection for increasing COP 
To improve the COP of the system, some changes to the existing components are necessary.  Either the 
extensive properties (heat exchanger area, air flow rate, compressor displacement, etc.) or the intensive properties 
(heat exchanger header design, louver angle, louver type, compressor type, etc.) can be changed.  Some money must 
be spent to develop, produce and evaluate the effectiveness of new component designs.  The simplest design change 
involves extensive properties.  For example, it is widely known that increasing a heat exchanger’s extensive 
properties (airflow rate or heat transfer area) will generate a higher COP and/ or cooling capacity.  The same 
technology is used which minimizes the initial development costs.  The production costs will be incrementally larger 
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to reflect the usage of more material and other costs associated with a larger unit.  The result is more expensive, 
larger component. 
The expense is not restricted to the component cost, but extends to the vehicle.  The cost of redesigning an 
existing vehicle to allow for a larger unit, changes in value due to losses in ascetics or changes in customer 
satisfaction all complicate the true cost of changing extensive properties.  Larger components may not be available 
or may not fit into the available space without changing the principal vehicle design.  It is preferred to change the 
intensive properties and generate greater performance in an equivalent space.  A “drop in” replacement is the 
ultimate goal.  The level of technology then increases and these advances can be applied to all similar components. 
How much should be spent to improve the component intensive properties?  How much better is the 
component performance?  What is the relationship between cost and COP increase?  These are answered by first 
knowing the cost of improved components and then evaluating much they increase COP.  This is a conceptually 
simple experiment where a new component is substituted into an existing, well characterized system.  The change in 
performance is measured across a range of operating conditions.  This thesis embodies the work necessary to 
characterize a set of components across a range of operating conditions.  Each component is compared to a baseline 
version that has similar extensive properties.  The intensive properties are compared and the change in component 
performance is reported.  Where relevant, the relationship between the component performance and the COP is 
analyzed and / or modeled.  On a simplified level, these relationships are theoretically examined in chapter 2. 
1.4 Defining the “system” 
One of the major design goals of the automobile is to provide a comfortable environment for the 
passengers.  This impacts every aspect of vehicle design and includes consideration of the smell, noise, temperature, 
humidity, seat comfort, instrument layout, visibility, cabin material, and vibration.  The heating, ventilating, and air 
conditioning system must achieve and maintain a comfortable temperature (and humidity during cooling operation).  
Further, it still has to satisfy all other secondary constraints (noise, package volume, cost, aesthetics, etc).   
The role of the AC system is to cool down and maintain the temperature and humidity of the passenger 
cabin.  Heat is taken from the interior of the car by the evaporator and then rejected to the outside environment at the 
condenser.  The heat load of the cabin is comprised of radiative and convective parts, infiltration and heat generated 
inside by the passengers or some other source.  If the system boundary is drawn to include these loads, one can 
improve the system performance by reducing the heat capacity of the interior, shading the windows and reducing 
their size, etc.  However, the system performance becomes heavily dependent on a particular design and does not 
lend itself to a more general study.   
A slightly more general system does not include loads, but is still dependent on a particular design.  This 
system maintains the same fans, ducting, and airflow distribution across the heat exchangers.  Although this system 
can closely approximate the performance in an automobile, much of the performance is dependent on the fan and 
duct design.  One could imagine optimizing the airflow patterns within the vehicle to provide maximum comfort, 
which could result in a higher cabin temperature and lower cooling load.  For this reason, the system used in this 
study consists of the components that are least dependent on the overall vehicle design.  These are: compressor, 
condenser, expansion device, evaporator, accumulator, and low evaporating pressure compressor clutch switch.  The 
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last component prevents frost buildup in the evaporator by disengaging the compressor when the evaporating 
temperature nears 0° C.  By defining the system in this way, the experimental results are applicable to many mobile 
air conditioning applications and not specific to a particular installation or automobile. 
Several variations of the system were experimentally examined.  The components included:  scroll and 
reciprocating compressor (chapter 3), a round tube and 2 microchannel condensers (chapter 4), several internal heat 
exchangers (chapter 5), and 2 microchannel evaporators (chapter 6).  The physical description of each component is 
in Appendix A.   
1.5 Development of test conditions and description of test matrix  
Since nothing is assumed about the interaction between the heat load on the vehicle and the system 
performance, the experiments do not follow the real operation of the vehicle.  In real operation, the cabin begins at a 
high temperature which is pulled down to a more or less steady-temperature after some time has elapsed.  One can 
also imagine a sequence of compressor speeds, condenser airflow rates, and evaporator airflow rates that simulate an 
“average” driving trip.  In real operation, the system is almost always experiencing some sort of transient.  Even at a 
steady speed on a long flat road, clouds could shade the sun and change the solar loading. 
Instead of testing a sequence of transients, it is assumed that the real operation is a sequence of quasi-steady 
conditions.  Thus, testing at any of these conditions can characterize the system performance during a small portion 
of the transient.  For the system specified above, the following information fully determines a single condition: 
compressor speed, total refrigerant charge, airflow rate, inlet air temperature, humidity, and air pressure at each heat 
exchanger.  Air pressure is necessary to properly define the psychometric state, but its effect is very small and was 
allowed to assume the pressure in the laboratory.  The inlet humidity to the condenser is also of little importance.  
Since the air is heated, no condensation occurs and the humidity has very little effect, if any, on the heat transfer 
performance of the condenser.  Therefore, the inlet humidity to the condenser was assumed to be a constant 40% 
relative humidity for all tests.  The laboratory facility maintained these conditions so the cooling capacity and COP 
of the system could be measured at their steady-state value. 
With the remaining variables in mind, a test matrix (Figure 1.1) was developed to characterize the system at 
a wide range of operating conditions.  Note that the test matrix is biased toward high temperatures at the condenser 
and evaporator inlet.  This is due to the high importance placed on the capacity during pulldown conditions.   
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Input Variable Units  Desired Setpoint Values 
              
Speed RPM 950 950 950 950 1800 1800 1800 1800 3000 3000 3000 3000 
              
Condenser              
Inlet Air Temp. °C 32.2 43.3 60.0 71.1 21.1 32.2 43.3 48.9 21.1 32.2 43.3 48.9 
Inlet Air Temp. °F 90 110 140 160 70 90 110 120 70 90 110 120 
              
Inlet Air Flow kg/s 0.39 0.39 0.39 0.39 0.48 0.48 0.48 0.48 0.61 0.61 0.61 0.61 
Inlet Air Flow scfm  800 800 800 800 950 950 950 950 1250 1250 1250 1250 
              
Evaporator              
Inlet Air Temp. °C 21.1 26.7 43.3 48.9 21.1 26.7 43.3 65.6 21.1 26.7 43.3 48.9 
Inlet Air Temp. °F 70 80 110 120 70 80 110 150 70 80 110 120 
              
Inlet Air Dew Pt °C 0.3 15.4 19.0 15.4 0.3 15.4 30.6 33.4 0.3 15.4 30.6 15.4 
Inlet Air RH %RH 25 50 25 15 25 50 50 20 25 50 50 15 
              
Inlet Air Flow kg/s 0.05 0.09 0.13 0.13 0.05 0.09 0.13 0.13 0.05 0.09 0.13 0.13 
Inlet Air Flow scfm  100 175 250 250 100 175 250 250 100 175 250 250 
Figure 1.1.  Test matrix for improved R134a systems. 
Also, the high load induced by high humidity and air temperature keeps the evaporating temperature above 
0° C and prevents frosting in the evaporator.  In other conditions, the evaporating temperature may fall below 
freezing.  Then a method must be found to reduce the capacity and prevent frosting.   
While there are many methods available (see Table 1.1), the baseline system used compressor cycling.  A 
pressure switch disengages the compressor when the evaporating pressure drops low enough so the corresponding 
saturation temperature is near freezing.  The clutch does not re-engage until the evaporating pressure has risen to a 
set higher value.   When continuously operating in this manner, the system is said to be “cycling.”  Essentially, this 
and the other methods described in Table 1 are strategies to control excess capacity.  To produce the maximum 
capacity, the compressor must remain engaged and the evaporating temperature is above freezing.  These conditions 
are termed “non-cycling.” 
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Table 1.1 Some possible capacity control strategies. 
Method Description Selected Pro’s Selected Con’s 
Suction line throttling Valve on suction line 
decrease pressure and density 
at compressor inlet 
System refrigerant flow rate 
reduced to decrease capacity 





Internal valve bypasses 
refrigerant from outlet to inlet 
System refrigerant flow rate 
reduced to decrease 
capacity. 
Higher internal flow rate 
increases losses within 
compressor and requires 
controller. 
Variable displacement 
compressor externally or 
internally controlled 
Internal mechanism changes 
volumetric displacement per 
revolution 
System refrigerant flow rate 
reduced to decrease 
capacity. 
Mechanism is a 
complicated design and 
requires controller. 
Compressor cycling Compressor clutch engages 
and disengages  
Simple design and 
evaporator cools air even 
when compressor is off. 
Compressor life may be 
reduced due to torque 
pulsations and lubrication 
issues. 
 
While there is no finite set of test conditions that can characterize the system at all possible operating 
conditions, the range of most input parameters is known.  First, the compressor speed will range from a low near 
idling (950 rpm) to a high at highway speeds (3000 rpm).  Compressor speed may momentarily be much higher, but 
not for significant amounts of time.  Condenser airflow rate is a minimum at idle (0.387 kg/s or 800 scfm), when 
only the radiator fan is moving the air and a maximum at high way speeds (0.605 kg/s or 1250 scfm).  A third 
condition at moderate speed has an 1800 rpm compressor and 0.479 kg/s (950 scfm) airflow rate in the condenser.  
Condenser and evaporator air inlet temperatures also range from a minimum when little or no cooling is required 
(90° and 70° F respectively) to a maximum that assumes some air recirculation under the hood and a cabin that has 
soaked in a very high ambient (160° and 150° F respectively).  There is obviously some relationship between 
interior and exterior temperatures (especially during pulldown), so when the condenser air inlet temperature 
increases, so does the evaporator air inlet temperature.   
The airflow rate in the evaporator is set at maximum during pulldown conditions when the most cooling is 
needed.  Lower airflow rates are used when a lower capacity is needed.  With the exception of only one data point, 
all tests with an evaporator airflow rate less than 0.126 kg/s (250 scfm) resulted in clutch cycling to prevent frost 
buildup on the evaporator.  The airflow rates and compressor rpm data are from the design data of a Ford Escort air 
conditioner, which is the baseline system.  But, these are also believed to be representative of mobile AC systems of 
similar size. 
One important parameter not yet addressed is the mass of refrigerant (charge) in the system.  This is a 
complex issue and will only be briefly elaborated here.  Since a real system operates with a constant charge, a single 
charge was selected using the same procedure as Ford used during production of the baseline system.  These criteria 
are as follows: add charge at the test condition described in Table 2 until the inlet and exit refrigerant temperatures 
of the evaporator are the same.  In production, additional charge is added to account for leakage.  However, to 
achieve the best performance, no additional charge was added.  The same charge was then maintained for the rest of 
the tests for a single configuration. 
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Table 1.2. Charging condition summary 

















M0 43.3 40 26.7 0.126 (250) 43.3 0.479 (950) 1800 
 
Compared with other test conditions, this is at moderate speed (0.479 kg/s in the condenser, 1800 rpm) and 
relatively high heat load on the evaporator and condenser. 
1.6 Measuring performance  
During each test, a set of data was recorded that characterized the performance of the system and its 
components.  Generally, the quantities measured are the following: data necessary to set the test facility at each test 
condition (Figure 1.1), heat transfer at each heat exchanger, temperature and pressure at the inlet and/or exit of each 
component and compressor torque.  Appendix B describes the experimental facilities and provides more detail about 
each measurement.  In chapter 3, the data taking procedures for cycling and non-cycling tests are described. 
Before examining the experimental results of this thesis, one must know what the potential of each 
component is to increase the MAC efficiency.  In Chapter 2, the theoretical maximums of efficiency are examined.  
This is a simplistic analysis, based on actual data, which shows the effect of each component reaching its theoretical 
maximum efficiency.  Subsequent chapters will discuss the performance enhancement in the system when baseline 
components are replaced by state of the art ones. 
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Chapter 2: Theoretical Efficiency Maximums 
Based on a simple analysis of the thermodynamic cycle, one can identify which major components 
contribute the most in reducing the coefficient of performance (COP) from the theoretical maximum at given 
operating conditions.   These components are: evaporator, condenser, compressor and expansion device.  The 
potential of each component to increase the COP is predicted by replacing each with a ‘perfect’ one in the 
thermo dynamic cycle.  Ideal heat exchangers, have an effectiveness of 1, and their pressure drop is zero.  Perfect 
compressors produce no entropy and raise the refrigerant pressure with a minimum amount of work.  Perfect 
expansion devices operate isentropicly not isenthalpicly and with full work recovery. 
2.1 The baseline cycle 
To characterize the system performance when each component is replaced by an ideal one, a simple 
analysis of the vapor compression cycle is sufficient.  A complex finite element model that captures the non-ideal 
behavior of real systems would be more accurate, but is not necessary.  The sweeping assumption of an ideal 
component washes out any attempt to capture the finer details of pressure drop or heat transfer. 
When analyzing the thermodynamic cycle, a few assumptions are appropriate.  First, the heat exchangers and 
refrigerant lines contribute no pressure drop.  The only pressure drop is through the expansion device.  Second, the 
isentropic efficiency of the compressor is a function of the pressure ratio only (hcompressor = P_ratio*(-0.03529)+0.8612).  
This correlation is based on the empirical data from this thesis (see Figure 3.1).  The expansion device is assumed to 
have perfect control and set 5° C of superheat in the evaporator.  For each configuration the total refrigerant charge is 
set to allow 5° C subcooling.  In other words, the system is assumed to be well charged for each data point.  To 
calculate the baseline thermodynamic cycle for each operating condition, the compressor speed is fixed at a value from 
the baseline system test data.  A refrigerant mass flow rate is then calculated based on a constant volumetric efficiency 
based on relevant test data, the compressor’s displacement per revolution, and the refrigerant density at the compressor 
inlet (evaporator outlet).  The evaporating and condensing pressures are then calculated so the baseline cycle has the 
same cooling capacity (Q) and COP as the tested system.   
The impact of ideal components on the baseline was evaluated at four test conditions where the maximum 
cooling capacity is desired.  Data is also available from the experimental facility at the same conditions.  See figure 
1.1 for a description of the air temperatures, air flow rates, and compressor speeds of each test condition: I12, I0, 
M01, and H01.  Essentially, each test condition characterizes the system performance during pulldown at one of the 
following: Idle, Medium or High vehicle velocity.   
As figure 2.1 a-d shows, lower evaporating pressures and higher condensing pressures at each test 
condition handicaps the theoretical system baseline when compared to data from the experimental facility.  This is 
due to several effects including: the assumption of fixed subcooling in the model, heat transfer with the 
environment, and oversimplification of the compressor.  The assumption of no pressure drop also plays an important 
role, especially the suction line pressure drop (SLDP).  In one sense, the improvement due to an idealized 
component will be exaggerated since the baseline cycle is worse than the most comparable reality.  However, the 
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same assumptions are enforced for all calculations.  The effect of different test conditions and the relative efficiency 












Figure 2.1.  Comparison of baseline test data to baseline theoretical cycle analysis at four test conditions: I12, I0, 
M01, and H01.  The difference between the two is due primarily to the model’s assumption of fixed subcooling, 
heat transfer to the environment, and a simplified compressor.  The model’s lack of suction line pressure drop is 
also important. 
Baseline system from test data 
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2.2 Idealized components 
To calculate the thermodynamic cycle for each idealized component, the cooling capacity (Q=mdot*Dh) is 
held constant at the same measured value as the baseline.  As Dh changes, the refrigerant mass flow rate (mdot) 
compensates to maintain Q.  Essentially, this allows the compressor total displacement (speed) to change as each 
ideal component is substituted into the system.  The compressor is assumed to have sufficient capability to achieve 
the necessary volumetric displacement and the desired refrigerant mass flow rate at the given pressure ratio.  
Additionally, as long as the evaporator is not idealized, it is assumed to have the same UA value as in the baseline.  
Since Q, UA, and Tair,in are held constant, evaporating temperature is maintained at the baseline value as equation 
2.1 shows. 
Tevaporator,air,in - Tevaporating=Qevaporator/UAevaporator  2.1 
Note that the condensing temperature and condenser’s capacity are related by the following equation:  
Qcondenser = UAcondenser*[Tcond – Tcondenser,air in]  2.2 
Where UAcondenser is determined from the baseline cycle, Tcondenser,air in is the measured value and Qcondenser is 
the heat rejected at the condenser.   
Theoretically, one could let the refrigerant expand isentropicly through a turbine (expander) and recover 
work available from the refrigerant.  Then, the inlet enthalpy to the evaporator is decreased by ? hexp, (See Figure 
2.2).  In the ideal case, this energy (mdot* ? hexp) is completely converted into compressor work and reduces the net 
work input.  The recovered work for each condition is shown in Table 2.1.  The decrease in compressor work is not 
limited to the direct impact of recovered work.  There is also a benefit of reducing the inlet enthalpy to the 
evaporator and increasing Dhevaporator.  When the cooling capacity is held constant (Q=mdot*Dhevaporator), mdot 
decreases to compensate, further reducing the compressor work and load on the condenser.  With a lower load on the 
condenser, the condensing pressure and pressure ratio decrease, allowing the compressor to operate at a higher 
efficiency and further decrease the load on the condenser.  However, as condensing pressure decreases, the exit 
enthalpy decreases and the slope of the isentropes on T-H coordinates increase, causing a reduction in ? hexp.  These 
two effects evolve until they reach a balance.  See figures 2.5 – 2.8 to compare the thermodynamic cycle with an 
ideal expander to the cycle with other idealized components at different test conditions.  Table 2.2 compares the % 
increase in COP with other idealized components. 
 
Table 2.1 Maximum energy potential (recovered work) of an expander at each condition (kW). 
I12 I0 M01 H01 
0.1664 0.3101 0.4996 0.6686 
 
The technical challenge of producing a reliable and cost effective expander make it an unlikely component 
to add to R134a based mobile air conditioning systems similar to those tested.  These challenges include: frictional 
losses, added cost, etc. 
Ideally, the compressor operates isentropicly and transfers the minimum possible energy to the refrigerant.  
A slightly lower heat load is then placed on the condenser (modeled as Q = UA*[Tcond – Tair inlet]) allowing the 
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condensing temperature to decrease and reducing the inlet enthalpy to the evaporator.  This has two effects.  First, 
by assuming constant Q, mdot must decrease and reduce the compressor work (W = mdot*Dhcompressor).  Second, by 
operating at a lower pressure ratio, Dhcompressor is also reduced (See Figure 2.3).  See Figures 2.5 – 2.8 to compare the 
thermodynamic cycle with an ideal compressor to the cycle with other idealized components at each test condition.  
Table 2.2 compares the % increase in COP with other idealized components. 
An ideal crossflow heat exchanger could be defined to have no pressure drop and an effectiveness of 1 
when the refrigerant exit temperature equals the air inlet temperature.  An ideal condenser operates at a much lower 
condensing pressure and an ideal evaporator operates at a much higher evaporating pressure.  Both tend to lower the 
pressure ratio and decrease the compressor work for two reasons.  First, at a constant evaporating temperature, it 
reduces the minimum amount of work necessary to raise the pressure from inlet to outlet.  Second, compressors have 
higher efficiency when they operate at lower pressure ratios, further reducing the input work.  Compared with the 
first effect, the second is small.   


























Figure 2.2.  The ideal expander decreases the inlet enthalpy to the evaporator and utilizes that energy (mdot* 
? hexp ) to decrease the compressor shaft power input. 
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Figure 2.3.  Ideal compressor decreases the compressor shaft power input and consequently the load on the 
condenser.  This increases the evaporator enthalpy change and for constant Q, decreases mdot and compressor 
power input. 
 
Figure 2.4.  Ideal evaporator and Ideal condenser cycle’s compared with the baseline cycle.  Note that air inlet 
temperature to evaporator and condenser is identical which the evaporator refrigerant exit temperature just 
reaches.  Evaporation temperature is 5 °C less than air temperature, consis tent with the previously defined ideal 
cross flow heat exchanger.  
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The efficiency gains due to each idealized component are summarized in Table 2.2 for four operating 
conditions.  Each baseline condition is based on the compressor speed, Q, and COP measured during testing of a real 
system.  See Figures 2.5 – 2.8 to compare the thermodynamic cycle with ideal components to the baseline cycle. 
Table 2.2 Theoretical efficiency gains from idealized components. 
% increase in COP due to an idealized: BASELINE 
 Expander Compressor Condenser Evaporator COP: 
I12 32.0 66.2 49.9 161.3 1.97 
I0 55.5 68.6 60.6 162.0 1.70 
M01 51.7 70.9 126.3 217.6 1.96 
H01 69.5 97.0 132.8 313.4 1.50 
 
The most improvement is possible at the M01 and H01 conditions.  These have higher compressor speeds 
than I0 or I12 and the resulting higher refrigerant mass flow rates, as shown in Table 2.3.  I0, M01 and H01 all have 
the same air flow rates across the evaporator.  Therefore, at M01 and H01, the evaporator looks “smaller” than at I0.  
The same argument can be applied to the condenser, even though its air flow rate increases from 800 to 950 to 1200 
scfm for I0, M01 and H01 respectively.  Here, the case for the condenser is not as strong, but it can be argued.  The 
refrigerant mass flow rate nearly doubles from I0 to M or H01, but the condenser air flow rate only increases by 
19% and 50% respectively. 
Table 2.3 Refrigerant mass flow rates for each analysis. 
Refrigerant mass flow rate (mdot, kg/s) BASELINE 
 Expander Compressor Condenser Evaporator mdot 
I12 0.0192 0.0203 0.0210 0.0181 0.0210 
I0 0.0298 0.0327 0.0350 0.0284 0.0350 
M01 0.0572 0.0609 0.0659 0.0524 0.0659 
H01 0.0652 0.0702 0.0802 0.0583 0.0802 
 
It is clear that the evaporator has the most potential for improving the COP at all conditions.  It doubles or 
triples the impact of the next most important component.  The next component is the compressor at the I0 and I12 
conditions.  At low speed, the compressor seems “smaller” and thus presents itself as the 2nd weakest link.  At high 
speed (H01 and M01), the high refrigerant mass flow rate forces higher condensing temperatures in the condenser 
and increase the benefit of reducing it to the air inlet temperature.  The expander contributes the least benefit at any 
condition and indicates that it has relatively low energy availability. 
To decrease the total energy usage, the contribution of each component to COP improvement should be 
weighted by the time spent at each condition.  However, many assumptions about climate, driving habits, heat load, 
passenger preferences, etc. are necessary to determine these weighting factors.  For design purposes, these factors 
could be based on the relative importance of each condition to the passenger, vehicle acceleration, etc.  One then has 
insight into what component has the most potential for improving the overall design of the vehicle. 
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Figure 2.5.  T-H diagram for idealized components at the I12 condition. 
 
Figure 2.6.  T-H diagram for idealized components at the I0 condition. 
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Figure 2.7.  T-H d iagram for idealized components at the M01 condition. 
 
Figure 2.8 T-H diagram for idealized components at the H01 condition. 
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The next step for this type of analysis is to develop a detailed, verified system model based on the existing 
components.  Then, the benefits of improved, but not ideal components can modeled.  For example, if the evaporator 
performance is increased by E=10%, the COP will increase by X%.  If the total cost of such a change is $Y, their 
ratio is Z= X/Y.  Z can be calculated for many different % improvements in single components and combinations of 
components.  The effect of greater airflow rates, larger compressors, larger or better heat exchangers, also give rise 
to different Z.  A 10% increase in evaporator performance combined with a 10% better condenser gives a smaller % 
increase in COP than the sum of each acting alone.  Z can also be calculated for many different conditions.  The 
combination that maximizes Z across the most conditions (or at the most common, most important, etc.) gives the 
greatest return on the investment.  With this type of analysis, one can understand how to generate the most benefit 
for a given investment. 
The remainder of this thesis is an experimental attempt to characterize E (% improvement of each 
component) and the resulting % increase in COP (X).  2 or 3 different component designs are evaluated at a broad 
range of operating conditions.  The benefits of changing the thermodynamic cycle by adding several different 
configurations of an internal heat exchanger (IHX) are also explored. 
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Chapter 3: R-134A Mac Compressors 
In the MAC system tested, the compressors operate in two distinct modes.  In the first, termed non-cycling 
operation, the clutch is always engaged and the compressor speed is directly proportional to the engine speed.  In the 
second, or cycling operation, the clutch is engaged and disengaged to prevent frost from forming in the evaporator.  
The pressure switch located in the suction accumulator activates the clutch.  When the clutch is disengaged, the 
compressor stops and the evaporating pressure increases.  Once it rises to a set level, the clutch re-engages and the 
evaporating pressure decreases until it reaches the lower limit and disengages the clutch again.   
Two compressors were tested in both modes of operation as part of a complete system.  Both are open 
compressors with the drive shaft connected to a pulley by a magnetic clutch.  The first compressor tested was Ford’s 
FS-10, a reciprocating swash plate style with 155 cm3 displacement per revolution.  The second compressor was a 
Ford/Sanden scroll compressor with a valve on the discharge port and is reported to displace 85.9 cm3 per 
revolution.  Both compressors are pictured and described in more detail in Appendix A.   
3.1 Non-cycling performance. 
Two parameters were used to characterize the compressor performance in non-cycling, steady-state 
conditions.  One is the isentropic efficiency, isenh , as defined by the 2000 ASHRAE Systems and Equipment 
handbook, page 34.2.  It is  a ratio of the work required to isentropically compress the actual flow rate from 





=h  3.1 
Where: 
NFW cmeasured ×=  3.2 
cF is the torque measured along the compressor shaft driveline (kN-m) and N is the compressor speed (rad/s).  Also,  
isendhmrWisentropic _×=   3.3 
and 
inletcompressoroutletisencompressor hhisendh ,,,_ -=  3.4 
Where mr is the refrigerant mass flow rate (kg/s), inletcompressorh ,  is the inlet enthalpy (kJ/kg), outletisencompressorh ,,  is 
the enthalpy (kJ/kg) at outlet pressure and inlet entropy, so isendh _  is the isentropic enthalpy change.  
The other parameter is the volumetric efficiency, which is defined as the ratio of the volumetric flow rate to 













Where rm  is the refrigerant mass flow rate in kg/s, inletn  is the specific volume in m
3/kg, cV is the compressor 
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Figure 3.1. Compressor efficiency )( isenh  versus pressure ratio (Pdischarge/Psuction) 
These two efficiencies are presented in Figures 3.1 and 3.2 respectively for two compressors installed in the 
same system: reciprocating and scroll.  Two groups of data are shown for the reciprocating compressor: open point 
protectors (-Previous) were taken earlier by Boewe et al 1999 and closed point protectors are for data taken in this 
project with the same compressor as “-Previous”.  They show the same dependence on pressure ratio and 
compressor speed.  These two systems are identical (the orifice tube and accumulator were replaced by identical 
components in the current installation) and show the repeatability of the compressor data.  Both systems were tested 
at the same test facility at the University of Illinois Urbana – Champaign and were charged in an identical manner 
(refrigerant is added until evaporator inlet and outlet temperatures are equal at test condition M0 – see test matrix in 
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Figure 3.2. Volumetric efficiency )( volumetrich versus pressure ratio (Pdischarge/Psuction) 
The operating speed of the reciprocating compressor is not the same as the scroll compressor’s.  This is due 
to differences in the displacement and efficiency of each compressor.  The scroll’s operating speed was set so the 
system’s cooling capacity matched the cooling capacity of the system with the reciprocating compressor at a single 
test condition (DDL).  Then, the same ratio of operating speeds (scroll to reciprocating = 1.368) was maintained at 
the other two operating speeds.   
DDL was chosen since it is representative of the point where cooling capacity is most crucial.  This is at 
highest air temperatures (71.1 C and 48.9 C at condenser and evaporator, respectively) and lowest compressor 
speeds (950 and 1300 rpm for reciprocating and scroll, respectively).  This assures that either system will provide 
sufficient cooling to the passengers when it is needed the most. 
In Figure 3.1, the scroll’s isentropic efficiency (x,+, and – point protectors) is less dependent on pressure 
ratio as speed increases.  The trend is clear at low and medium speed (reciprocating: 950 and 1800 rpm, scroll: 1300 
and 2463 rpm).  At high speed (reciprocating: 3000 rpm, scroll: 4105 rpm), only two data points make it difficult to 
draw any conclusions, but they seem to have the least dependence on pressure ratio as is expected for the highest 
speed.  At low speed, the compressor efficiencies of the reciprocating and scroll compressors overlap.  The scroll 
starts at a higher efficiency, but falls lower as the pressure ratio increases.  At higher speeds, the scroll has higher 
efficiencies for the same pressure ratio. 
In Figure 3.2, the scroll’s volumetric efficiency is significantly higher than for the reciprocating 
compressor.  While the absolute value is not very meaningful for comparison to the other compressor designs, the 
dependence on operating condition is.  The reciprocating compressor is less sensitive to operating speed and shows a 
dependence on pressure ratio.  The scroll volumetric efficiency increases at higher speeds, while still maintaining 
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about the same dependence on pressure ratio.  This is an indication that the scroll will operate better at higher 
speeds. 
Based on the data in Figures 3.1 and 3.2, it seems that the system with the scroll compressor should have a 
higher capacity and/or COP (coefficient of performance) at the same test conditions due to its generally higher 
efficiency.  However, the data from the test facility does not show this trend.  In fact, the COP and/or capacity 
slightly decreased for most of the data points (see Appendix D, Summary of System Comparisons – Baseline II and 
Scroll systems, steady-state data).   
The reason is due to an increase in the suction line pressure drop  (SLDP) (See Figure 3.3).  This artificially 
increases the pressure ratio, which increases the compressor work and decreases the compressor efficiency.  No 
cooling capacity is added, hence a reduction in COP.  For both systems, the pressure drop is measured from an 
identical point after the evaporator to a point on the suction line as close to the compressor as the fittings would 
allow.  For the scroll compressor, this is about 15 cm from the inlet port.  On the reciprocating compressor, it is 
about 3 cm. 
For the reciprocating compressor, the suction line from the accumulator to the compressor was the 19 mm 
ID flexible rubber hose used in production.  Also, it was attached to the reciprocating compressor with the welded 
aluminum connectors used in production.   
The inlet and outlet ports on the scroll are rotated 90° relative to the reciprocating compressor.  This 
necessitated an additional bend in its 12.7 mm ID flexible copper tube suction line.  The scroll compressor was 
attached to this line with machined fittings made from an aluminum block and NPT to compression fittings.  These 
differences have caused an increase in the pressure loss on the scroll suction line.  
Table 3.1.  Pressure (kPa) at the evaporator outlet (Pero) and compressor inlet (Prcpi) for the scroll and 
reciprocating compressors. 
Test condition I12 I0 DDL M0 M01 DDM H01 DDH 
Pero scroll 331.7 493.5 576.1 431.1 456 542.2 422.6 367 
Pero reciprocating 340.4 498.6 593.2 448.6 478.6 555.3 435 372.5 
Prcpi scroll 308.5 461.5 541.6 339.8 361 436.5 261 222.5 
Prcpi reciprocating 342 490.2 592.3 395.2 422.2 497.4 345 304.7 
 
Table 3.1 compares the pressure at the evaporator exit (Pero scroll or reciprocating) and compressor inlet 
(Prcpi scroll or reciprocating) for the same test condition.  See Figure 1.1 for a further description of these 
conditions. 
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y = 0.5841x - 24.832
R2 = 0.9928











































Figure 3.3.  Suction line pressure drop  (SLDP) for the scroll and reciprocating compressor systems.  The higher 
SLDP for the scroll compressor is linear when plotted versus density * velocity^2 at the compressor inlet.  The 
steeper slope indicates a greater restriction in the scroll’s suction line.  The offset between the curves indicates an 
incorrect zero offset between the evaporator exit and compressor inlet transducer for the reciprocating tests.  This 
was corrected for the scroll. 
SLDP generally has a linear relationship with density*Velocity^2 (rU2).  This indicates a constant pressure 
drop factor (K) in DP=K*rU2, where K is the slope of the lines in Figure 3.3.  K for the scroll would be 0.8299, 
while it is only 0.5841 for the reciprocating. 
Both the reciprocating and scroll systems had identical air inlets in each test at condition H01.  The inlet 
temperatures (Teai and Tcai) and air mass flow rates (mea and mca) at the evaporator and condenser respectively are 
shown in Table 3.2.  In Figure 3.4, note the nearly identical evaporator performance (5 to 1) and cooling capacity 
(Q_evap, Table 3.2) at condition H01.  From 1-2, the increase in suction line pressure drop (SLDP) is significant.  
This is a factor in increasing the pressure ratio and consequently the isentropic enthalpy change ( isendh _ in Table 
3.2).  Both systems have a nearly identical mass flow rate (mr), so isentropic
W




Figure 3.4.  Thermodynamic cycle based on data taken for the system with scroll and reciprocating compressor 
at test condition H01.  Despite nearly identical mass flow rates, evaporating pressures and evaporator exit 
superheat (1), the compressor inlet pressure for the scroll is slightly lower than the reciprocating (2).  
Additionally, the compressor outlet pressure (3) is higher, increasing the compressor work. 
Even though the scroll has a slightly higher compressor efficiency ( cph in Table 3.2) the increase in 
isendh _  gives a higher isentropicW .  Finally, note that the refrigerant mass flow rates are identical (mr in Table 
3.2) despite the scroll compressor having a 26% higher inlet volumetric flow rate than the reciprocating compressor.  
Therefore, the scroll compressor does more work ( measuredW in Table 3.2), and the condensing temperature increases 
to reject the additional energy.  The specific enthalpy at the condenser exit / evaporator inlet increases slightly, but 
retains nearly the same sub cooling.  Then, it is reasonable to assume the condenser’s have retained nearly the same 
amount of refrigerant in both systems.  Further, it is evidence that each system had a similar charge distribution 
among the components and the amount of charge was comparable.  All these factors, driven by the higher SLDP, 
































(kW) P_ratio cph  volumetrich  
volumetric flow rate at 
compressor inlet 
(m^3/s) 
recip 90 7.5 12.7 7.4 0.570 0.512 0.238 



















recip 62.3 45.22 4.931 18.6 43.4 0.709 43.4 0.141 1.502 
scroll 62.36 54.37 5.794 17.7 43.4 0.707 43.5 0.140 1.229 
3.2 Cycling operation 
In cycling operation, a magnetic clutch engages and disengages the compressor in order to prevent frosting 
in the evaporator.  As in the non-cycling conditions, the system was brought to “steady-state” before any data was 
taken.  In cycling operation, “steady-state” is when the only transients are due to the compressor cycling and are 
unavoidable.  All other parameters (inlet air temperature, heater power consumption, condenser chamber cooling 
system, etc.) are brought to a set value or allowed to settle at a constant value.  In a few instances where the 
compressor clutch remains engaged or disengaged for a long time (>~50 s), some oscillation in these values was 
allowed.   
3.2.1 Data collection during cycling 
To understand the compressor performance in cycling operation, three separate sets of data were taken, one 
right after the other.  Data Set 1 is a record of every transducer, sampled at 6-second intervals and then averaged 
over the whole sample time (10 minutes).  Due to the cycling transients, only measurements of the non-varying 
transducers have meaning in this data set.  The non-varying transducers measure: electrical energy usage (blowers, 
heaters and lights) of each chamber, wall temperatures of each chamber and condensate rate in the evaporator.  For 
the condenser chamber, a roof top chiller circulates a mixture of water and ethylene glycol (DowTherm 2000 ©) to 
remove the rejected energy.  Its flow-rate and temperature rise in the condenser chamber were also non-varying at 
steady-state.  Due to the relatively large thermal mass of each chamber, its air volume, and the cooling system, these 
values varied slowly and were best characterized by the low sample rate and longer sampling time.  They were then 
used to calculate the chamber energy balance (Q, kW).  Appendix C contains the Engineering Equation Solver 
(EES) template used to calculate this and other values. 
Data Set 2 consists of the time, the compressor’s torque and its speed recorded at a much faster rate in order 
to characterize the compressor’s power usage (torque * speed) at each time instance.  This data set was sampled at 
the fastes t possible rate (~0.33 seconds per sample) that the data acquisition could achieve while internally 
triggering the multiplexer, automatically converting thermocouple voltages to temperatures, and providing sufficient 
resolution of each voltage signal.  Data Set 2 consists of a minimum of ten minutes of data.  This was post processed 
to determine the average compressor power (W, kW) over the entire sample time.   
Data Set 2 was also used to determine the amount of time the clutch is engaged (on-time), the period of one 
cycle (cycle time), their ratio (on %), and their difference (off-time).  To determine when the compressor engaged, 
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the torque signal was monitored for step increases from less than 1 to greater than 1 inch–lb.  Once one was found, 
the time corresponding to that step was stored and the clutch was considered engaged until the torque dropped below 
1 inch-lb.  The time was stored at that instance again.  The on-time is the difference in these values and the cycle 
time is the difference between subsequent clutch engagements.  Since the data is recorded for a minimum of 10 
minutes, many cycles are recorded.  The actual number depends on the cycle time, but it necessitates the averaging 
of on-time, on % and cycle time over all the cycles.  The repeatability of the pressure switch and other factors may 
cause the timing of the cycle to vary slightly.  The on-time, off-time and cycle time are shown for a single cycle of 
scroll and reciprocating data in Figure 3.6.   
Additionally, due to the temporal resolution afforded by the sample time (~0.33s per sample) and some 
errors in acquisition of the data, the on-time, on %, and cycle time have some additional error associated with their 
measurement.  Recording over many periods and averaging these parameters over all of them help to minimize this 
error.  In appendix D, these data are reported with an uncertainty of +/- 1.0* s.  Here, s is the standard deviation.  In 
several cases, s becomes large in comparison to the mean value, due to errors in acquisition of the data.  Then, an 
alternate calculation based on data set 3 should be used for each value in data set 2 or any value calculated from data 
set 2.  However, as the following paragraphs explain in detail, data set 3 only records 1 or 2 complete cycles.  
Therefore this data is more sensitive to real variations in the on-time, on % and/or cycle time.  Additionally, data set 
3 does not record the time associated with each instance and assumes a constant sample rate.  It seems likely that 
this is a valid assumption, but it has not been rigorously verified.  Any suspect data from Data set 2 is marked with 
an asterisks and the reader is directed to the corresponding value from data set 3. 
Data set 3 was recorded to visualize the compressor induced transients.  31 channels of unscaled voltage 
measurements were sampled at the fastest possible rate of the data acquisition system.  Turning off the internal 
trigger, programming the multiplexer to internally record the data and continually sweep through all the channels 
allo wed this highest sample rate.  Once the desired number of samples was recorded, all the values were transferred 
back to the desktop computer and written to a text file.  Therefore, the CPU could not process and record the time at 
each data point.  The total time was recorded as the difference in the time at initiation of the data acquisition 
command and the time after all data has been written to a file.  The sampling rate for this set of data was assumed to 
be constant and calculated for each test as the number of samples divided by the total time.  Some error is induced 
into the sample rate calculation, due to the time it takes to input and output the data, but it is small.  Generally the 
sample rate was ~11hz or ~0.09 s per sample.  A Visual Basic application then transferred the contents of the text 
file to an Excel template that contained all the appropriate scaling equations. 
Due to limitations of the data acquisition’s internal memory, data was recorded for only 2 to 3 cycles or 
approximately 110 seconds whichever was fewer samples.  Due to the variations in cycle time at a given data point, 
it is possible that this data is not representative of the average cycle.   
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Figure 3.5.  Evaporator exit pressure (left) and compressor inlet pressure (right) versus time during cycling 
operation at test condition I24.  Either compressor has nearly identical pressures and suction line pressure drop.  
At this condition, the suction line pressure drop for the scroll system is comparable to the reciprocating system.  
The shaded areas show the repeatability of the pressure switch.  The bars within the shaded areas are the nominal 
pressures for opening and closing the switch. 
3.2.2 Cycling performance  
In cycling operation, the benefit of the scroll compressor was primarily in the reduction of work, while 
maintaining nearly the same average cooling capacity.  See Appendix D.2 Steady State data from tests with 
compressor cycling, for a detailed comparison of the time averaged data and some calculated values at each test 
condition.  Compare system A (baseline) to system B (scroll).  This indicates the differences in cooling capacity, 
compressor work, and COP.  In cycling operation, COP is reported as the ratio of the evaporator chamber balance 
(Q) from data set 1 divided by the average compressor power (W) from data set 2.  When the value from data set 2 
is questionable, data set 3 supplies an auxiliary calculation of compressor power.  Note the pressure transducers for 
compressor inlet (Prcpi) and evaporator outlet (Pero) were excessively noisy for all reciprocating data.  This 
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Figure 3.6.  Scroll compressor uses less power (y-axis) at test condition I24.  Each compressor has markedly 
different cycle times, and scroll has a slightly lower on % which decreases total energy use even more.  (44.2 s 



































Figure 3.7. Condenser pressure (left) and pressure ratio (right) have nearly identical average values at the end of 
the on-cycle.  Reciprocating drops to a lower pressure at the end of the off cycle. 
On the left graph in figure 3.5, the limits (bold horizontal lines) and precision (shaded bands) of the clutch 
controlling pressure switch are shown.  This switch is located on the suction accumulator, approximately halfway 
between the evaporator exit pressure transducer and the compressor inlet pressure transducer.  Comparing the graphs 
in figure 3.5, the peak pressure values, for the compressor inlet and evaporator outlet are below and above the switch 
shaded band, respectively.  Therefore suction line pressure drop causes the switch pressure to be between the 
evaporator outlet and compressor inlet pressure.  This is evidence that the pressure switch is opening and closing at 
the pressures it was designed to operate at. 
 
Figure 3.8. Evaporator exit pressure (left) and compressor inlet pressure (right) versus time during cycling 
operation at test condition H16.  Both compressors have similar pressures, but scroll is slightly lower, especially 
at the compressor inlet near the end of the on cycle.  At this condition, the extra suction line pressure drop for the 









































































































Figure 3.9 Scroll compressor uses less power (y-axis) at test condition H16 while clutch is engaged.  As 
determined from data set 3, the scroll compressor power is 0.36 to 0.4 kW, while the reciprocating comp ressor 
uses 0.53 kW.  Cooling capacity is nearly identical. 
 
Figure 3.10 Condenser pressure is lower for scroll compressor (left) but higher pressure ratio (right) during on 
cycle due to lower compressor inlet pressure. 
As figure 3.5 shows at this condition, (I24: lowest compressor speed, air flow rates and 90/70 F air inlet to 
condenser/evaporator), the scroll and reciprocating compressor have similar evaporating and compressor inlet 
pressures.  The increase in suction line pressure drop seen in the steady-state data is not a factor here.  Most likely, 
the refrigerant velocity is lower and generates less loss, but it may be due to other unexplored reasons associated 
with the scroll compressor.  In figure 3.6, the scroll compressor consumes less power and is engaged for a slightly 
lower percentage of time (58.6% vs. 53.3%).  Even though the condensing pressure and pressure ratio (figure 3.7) 
are comparable, the scroll uses less energy.  This is consistent with the steady-state data and shows it is likely that 
the scroll operates with a higher compressor efficiency ( cph ) in cycling as it does in steady-state.  The scroll based 
system has a slightly greater cooling capacity at condition I24 (Table 3.3).  At test condition I24, the scroll gives the 
system a 37.4% increase in COP and a 7.2% increase in cooling capacity over the reciprocating.  This increase, 





































percentage is significant, the absolute value nearly negligible.  See Table 3.3 for the change in cooling capacity, 
compressor power and COP at other conditions.   
Another condition with similar behavior is H16.  I24 was at minimum compressor speed (950 rpm 
reciprocating and 1300 rpm scroll), while H16 is at maximum speed (3000 rpm reciprocating and 4105 rpm scroll).  
Again, the refrigerant pressures at evaporator outlet and compressor inlet are similar.  The suction line pressure drop 
becomes noticeable, as figure 3.8 indicates.  The scroll’s compressor inlet pressure is less, especially near the end of 
the on-cycle.  The power and total work are still less (figure 3.9), even though the scroll’s efficiency and isentropic 
work are handicapped by a significantly higher pressure ratio. (figure 3.10)   
From the steady-state data in figure 3.1, the scroll’s isentropic efficiency is less sensitive to pressure ratio 
as speed increases.  Also, at high speed the scroll has a higher efficiency for the same pressure ratio.  These 
characteristics give the scroll compressor an added benefit at high speed, allowing it to overcome the handicap a 
higher pressure ratio brings, and achieve a decrease in compressor work.   
The data in table 3.3 reinforces these statements.  For example, in condition H10 the scroll has a lower 
cooling capacity and only a moderate increase in COP over the reciprocating.  This is possible since the compressor 
power consumption is 10.3% less for the scroll, but the cooling capacity is only 4.4% less.  An analysis of the data 
shown in Figure 3.12 indicates that the scroll compressor achieves this decrease through lowering the on percentage 
5% and decreasing the power consumption during the on –cycle by an additional 5%.  A portion of these decreases 
is  attributable to a decrease in cooling capacity, but these reductions come despite a significant increase in pressure 
ratio during the on – cycle (figure 3.13).  Figures 3.8 – 3.10 show the same behavior for the slightly different 
condition, H16. 
Table 3.3 Comparison of system performance with a reciprocating or scroll compressor during cycling operation.  
























in COP, % 
increase in 
alt. COP 
I24 Recip 0.92  0.01 0.91 0.59 1.57 0.57  1.60  
 Scroll 0.99 7.19 -0.01 1.00 0.45 2.18 0.45 21.1, 22.6 2.21 37.4, 39.1 
M24 Recip 0.86  -0.03 0.89 0.42, 0.42 2.04 0.43  2.01  
 Scroll 0.86 0.00 -0.03 0.89 0.32, 0.32 2.70 0.33* 23.3*, 24.5 2.56* 27.3*, 32.5 
M11 Recip 3.26  1.42 1.84 1.81, 1.82 1.79 1.84  1.77  
 Scroll 3.00 -8.06 1.32 1.68 1.70 1.77 1.49* 19.0*, 6.8 2.01* 13.6*, -1.3 
H16 Recip  0.80  0.00 0.80 0.51, 0.51 1.57 0.53  1.52  
 Scroll 0.81 1.92 -0.03 0.84 0.40, 0.36 2.14 0.43* 8.9*, 26.0 1.89* 24.5*, 36.7 
H10 Recip 3.02  1.32 1.70 2.07 1.46 2.03  1.48  
 Scroll 2.88 -4.38 1.22 1.66 1.88 1.53 1.82 10.3, 8.9 1.58 6.8, 4.7 




Figure 3.11 Evaporator exit pressure (left) and compressor inlet pressure (right) during cycling operation at test 
condition H10.  Evaporator exit pressures are nearly identical during on cycle. During the on-cycle, compressor 






















Figure 3.12 Scroll compressor uses less power while clutch is engaged.  The cycle time is less for scroll (12.5s 
versus 17.1s for reciprocating).  The on percentage (65% for reciprocating; 62% for scroll) in addition to lower 
peak power consumption gives a moderate decrease in the scroll’s total power consumption. 
 
 
Figure 3.13 Condensing pressure nearly identical (left) while pressure ratio (right) during on cycle is higher for 



















































































































Figure 3.14 Evaporator refrigerant exit temperatures are slightly higher for scroll compressor, giving rise to a 
slightly lower cooling capacity. 
3.3 Conclusions 
The Ford/Sanden scroll compressor’s performance, at the conditions described above, is superior to the 
Ford’s FS-10.  The system performance suffered slightly due to an increase in the suction line pressure drop, but the 
increase in COP was still as much as 37% (See Appendix D for other data points).  Even more gains in system 
efficiency and cooling capacity would have been possible if the suction line pressure drop was equal. 
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Chapter 4: R-134A Mac Condensers: Round Tube and Microchannel 
In the MAC system tested, three different condensers were utilized.  The first or “baseline” condenser 
utilized a round copper tube and louvered fin design, similar to one used in production of the Ford Escort.  The other 
two use microchannel (extruded tube).  The two versions, named Microchannel I and Microchannel II, are from 
different manufacturers and used different microchannel tubes, airside fins, and circuiting.  See Appendix A.2 for a 
more complete description. 
Each condenser was tested as a component within a MAC system.  Due to the structure and scheduling of 
the experimental work, two distinct systems were used to test the condensers.  One system, depicted in figure 4.1, 
was used to test the baseline and Microchannel I condensers.  All conditions were run with the same refrigerant 
charge and an orifice tube expansion device.  Therefore, only one data point exists for each test condition (I0, M01, 
H01, etc.).  
The second system, depicted in figure 4.2, was used to test Microchannel I and Microchannel II.  Here, 
only three test conditions (I0, M01, and H01) are presented.  At each condition, several data points were taken for 
different settings of the manual expansion valve.  It was opened and closed slightly to determine the system’s 
sensitivity to superheat in the evaporator and the maximum cooling capacity and COP.  All three conditions have a 
high condenser load due to a high inlet air temperature and/or a high airflow rate.   
Be aware that the variables shown in the following figures are not the only ones changing.  For example, if 
condenser capacity (Q) is plotted against superheat, it does not mean that Q is solely a function of superheat.  The 
refrigerant mass flow rate, pressure ratio (Pdischarge/Psuction), and other variables also change at each data point.  
From this data, it is not possible to quantify which variable has the greatest effect, but to only observe the condenser 
as the valve opens and closes.    
4.1 Refrigerant and airside pressure drop 
One characteristic of each condenser is the refrigerant side pressure drop (figures 4.3 through 4.6).  Each 
figure compares the pressure drop within the condensers.  Due to the use of two different systems, the comparison is 
broken into two types.  The first (figure 4.3) compares round tube to Microchannel I at a variety of operating 
conditions of the system shown in figure 4.1.  Microchannel I is always lower, often less than half the pressure drop 
in round tube.  Note that pressure drop measurement also includes some line losses, which are assumed to be small.  
The same connecting line was used for both condensers in figure 4.3. 
Figures 4.4 to 4.6 compare the refrigerant side pressure drop in Microchannel I to Microchannel II at three 
operating conditions (I0, M01, H01).  See figure 1.1 for a detailed description of each condition.  Pressure drop 
measurement also includes losses in connecting lines and a high pressure receiver.  However, the same receiver was 
used for both condensers.  The connecting lines were different, but that impact is assumed to be small.  The round 
tube condenser pressure drop is shown for reference only.  Its measurements are from a significantly different 
system without a high pressure receiver and different connecting lines.  Microchannel II has a slightly lower 
pressure drop than Microchannel I at all conditions. 
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To characterize the condenser’s pressure drop better, equation 4.1 defines a parameter that accounts for 

































m is the mass flow rate in grams/sec , lr is the liquid density at condenser outlet pressure (kg/m
3), and vr  is the 
































Figure 4.1 Schematic of the experimental system for baseline to Microchannel I comparison.  Both condensers 
were tested with Brazed plate evaporator, scroll compressor, orifice tube and a suction accumulator.  See 
Appendix A for more details of each component. 
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Figure 4.2 Schematic of the experimental system for Microchannel I to Microchannel II comparison.  Both 
condensers were tested with Microchannel II evaporator, scroll compressor, 2X1.5m IHX, and a manual 









































Figure 4.3 Comparison of condenser refrigerant side pressure drop at given operating conditions for the round 






































20 30 40 50 60 70 80





























Figure 4.4 Comparison of condenser refrigerant side pressure drop at condition I0 for Microchannel I and 
Microchannel II condensers.  The round tube data from 4.3 is shown for reference only, as the systems are 
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Figure 4.5 Comparison of condenser refrigerant side pressure drop at condition M01 for Microchannel I and 
Microchannel II condensers.  The round tube data from 4.3 is shown for reference only, as the systems are 
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Figure 4.6 Comparison of condenser refrigerant side pressure drop at condition M01 for Microchannel I and 
Microchannel II condensers.  The round tube data from 4.3 is shown for reference only, as the systems are 
significantly different (compare figures 4.1 and 4.2).  Microchannel I has slightly less pressure drop than 
Microchannel II. 
inx is the refrigerant quality at the condenser inlet and outx is the refrigerant quality at the condenser exit.  
For all the data, the inlet is superheated and inx  remains 1.00.  outx  is assumed to be 0.00, due to a sub-cooled exit.  
































  4.3 
Table 4.1 Linear fit parameters from figure 4.7 of the form bXCDP condenser += * .  DP is the pressure drop 
(kPa) and X  is the parameter defined in equation 4.3.  Slope ( condenserC ), y-intercept (b), and the R
2 value are 
calculated for each series and summarized below. 
Evaporator type condenserC   y-intercept (b) R
2 
Round tube – sys1 13.06 19.56 .9889 
Microchannel I – sys1 4.07 19.70 .8914 
Microchannel I – sys2 8.12 5.73 .9678 
Microchannel II – sys2 8.21 13.76 .9775 
 
This parameter is plotted versus pressure drop in figure 4.7 for all three operating conditions (I0, M01, 
H01).  A linear function is then fit to each series and table 4.1 summarizes the results.  
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The difference between Microchannel I in sys1 and sys2 is probably due to factors that are not accounted 
for by equation 4.3.  These factors may be sub-cooling, inlet and outlet piping, oil concentration, heat flux, and 
instrumentation errors.  These factors may also account for the scatter and non-zero y-intercept in each series. 
When based on condenserC , the round tube condenser has 220% more pressure drop than Microchannel I, 
sys 1.  condenserC  for Microchannel I and II are within 1% of each other. Another property to compare is the airside 
pressure drop.  At each test condition, the mass airflow rate and inlet air temperature are held constant for the 
duration of the test.  Figure 4.8 compares the airside pressure drop of the round tube and microchannel I condensers.  
Round tube is significantly higher at all conditions.  At the higher airflow rates, the difference between Round tube 
and Microchannel I increases. 
 
Figure 4.7  Comparison of condenser refrigerant side pressure drop at all three operating conditions (I0, M01, 
H01).  The X-axis values are calculated from equation 4.3.  Table 4.1 summarizes the coefficients describing the 
linear fit of each series.  Sys1 is depicted by figure 4.1 and sys2 in figure 4.2. 
Comparing with the Microchannel I data in figure 4.9 with data in figure 4.8 shows a large discrepancy 
between the airside pressure drop of the same condenser at the same operating condition (I0, M01 or H01) in two 
different systems.  The difference cannot be accounted for by the change in refrigerant side performance between 
the two systems.  Figure 4.8 is useful for comparison purposes only, as the delta pressure transducer was mounted 
within the condenser chamber and may be subject to an offset due to the changing air temperature at each condition.  
The transducer then indicates a higher pressure drop than the true reading. 
Figure 4.9 compares Microchannel I and Microchannel II airside pressure drop.  Both condensers 
performed similarly, with Microchannel I having a slightly lower pressure drop.  A regression line fit to each series 
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and extrapolated to zero airflow shows the same offset for each condenser.  This may be attributable to an offset in 































Figure 4.8 Comparison of condenser air side pressure drop for Round tube and Microchannel I.  For both 
condensers, the delta pressure transducer was mounted within the condenser chamber and is  subject to an offset 
due to the changing air temperature at each condition.  Therefore, these measurements are good for comparison 
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Figure 4.9 Comparison of condenser air side pressure drop for Microchannel I and Microchannel II.  
Microchannel I has slightly less pressure drop than Microchannel II.  Delta pressure transducer is now mounted 
outside of the condenser chamber so the results are independent of chamber air temperature. 
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4.2 Effect of condensers on system performance 
Refer to figure 1.1 for a description of each test condition.  They simulate realistic pull down conditions at 
three vehicle speeds: idling (I12, I0, DDL), medium speed (M01, DDM), and high speed (H01, DDH).  These 
conditions were chosen to facilitate a comparison at the condenser’s maximum performance where it is needed most 
(pull down).  In the first comparison (round tube vs. Microchannel I), Microchannel I is significantly better in both 
system cooling capacity and COP by an average of 4.6% in cooling capacity and 14.9% in COP.  As figures 4.12- 
4.14 show, the better condenser decreases condensing pressure and inlet enthalpy to the evaporator.  Therefore, COP 
will always increase and cooling capacity will usually increase.   
 
Figure 4.10 Comparison of cooling capacity of system 1 with round tube and Microchannel I condensers.  






































Figure 4.11 Comparison of COP of system 1 with round tube and Microchannel I condensers.  Microchannel 1 is 
higher at all conditions.  The percentage increase over round tube is shown for each condition. 
 
Figure 4.12 Comparison of P-h diagrams of round tube (blue diamonds, dashed line) vs Microchannel I (red 
squares, solid line) in system 1 at condition I0.  Better heat transfer of Microchannel I lowers condensing 






























































Figure 4.13 Comparison of P-h diagrams of round tube (blue diamonds, dashed line) vs Microchannel I (red 
squares, solid line)in system 1 at condition M01.  Better heat transfer of Microchannel I lowers condensing 
pressure and reduces inlet enthalpy to evaporator, thus allowing a higher cooling capacity and COP. 
 
Figure 4.14 Comparison of P-h diagrams of round tube (blue diamonds, dashed line) vs Microchannel I (red 
squares, solid line)in system 1 at condition H01.  Better heat transfer of Microchannel I lowers condensing 
pressure and reduces inlet enthalpy to evaporator, thus allowing a higher cooling capacity and COP. 
Microchannel I and Microchannel II have nearly identical system performance as characterized by system 
cooling capacity and COP.  Tables 4.2 and 4.3 show the maximum cooling capacity and COP achievable at each test 
condition.  The performance difference is indistinguishable.  Similarly, the dependence on expansion valve position 
is identical in both cooling capacity and COP (figures 4.15 - 4.20).   
Comparing the P-h and T-h diagrams at saturated evaporator exit condition also shows the identical 
performance. 
The primary difference between Microchannel I and II condensers is that II is 17% narrower and 16.6% 
lighter.  Part of that weight savings can be attributed to a lack of connecting lines on Microchannel II.  Even so, 








































































Table 4.2  Maximum system cooling capacity (kW) at each condition.  Microchannel I and Microchannel II have 
nearly identical performance. 
 I0 M01 H01 
Microchannel I 3.79 6.99 7.89 
Microchannel II 3.77 6.9 7.85 
 
Table 4.3  Maximum COP at each condition.  Microchannel I and Microchannel II have nearly identical 
performance. 
 I0 M01 H01 
Microchannel I 1.95 2.28 1.63 
Microchannel II 1.96 2.27 1.64 
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Figure 4.15 Comparison of system cooling capacity at condition I0.  Microchannel I has slightly higher cooling 
capacity. 
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Figure 4.16 Comparison of system cooling capacity at condition M01.  Microchannel I has slightly higher 
cooling capacity. 





































Figure 4.17 Comparison of system cooling capacity at condition H01.  The cooling capacities are nearly 
identical. 
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Figure 4.18 Comparison of COP at condition I0 for a range of expansion valve settings.  COP is nearly identical 
for both heat exchangers. 

















Figure 4.19 Comparison of COP at condition M01 for a range of expansion valve settings.  COP is nearly 
identical for both heat exchangers. 
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Figure 4.20 Comparison of COP at condition H01 for a range of expansion valve settings.  Microchannel II has a 
slightly higher COP. 
 
Figure 4.21 Comparison of P-h (left) and T-h (right) diagrams  at condition I0.   Microchannel I (red squares, 
solid line) and Microchannel II (green circles, dashed line) have nearly identical thermodynamic cycles.  








































Figure 4.22 Comparison of P-h (left) and T-h (right) diagrams at condition M01.  Microchannel I (red squares, 
solid line) and Microchannel II (green circles, 0dashed line) have nearly identical thermodynamic cycles.  
Evaporator exit is saturated (x~1) for both series. 
 
Figure 4.23 Comparison of P-h (left) and T-h (right) diagrams at condition H01.  Microchannel I (red squares, 
solid line) and Microchannel II (green circles, dashed line) have nearly identical thermodynamic cycles.  
Evaporator exit is saturated (x~1) for both series. 
4.3 Microchannel I condenser model 
A finite element model has been developed to predict the heat transfer within the Microchannel I 
condenser.  It was written in Engineering Equation Solver (EES) and makes extensive use of the resident refrigerant 
property routines.  It allows for superheated, two phase or sub-cooled refrigerant as necessary.  The model format is 
very similar one used by Litch, A.D. [1999].  As Appendix A.2 describes, the condenser has a total of 5 passes, each 
with a different number of microchannel tubes.  The model text is shown in Appendix E. 
The model marches across each pass, solving a set of implicit equations describing the 1-D, steady-state 
heat balance of each element.  EES’s internal Newton-Raphson type solver calculates the solution.  The first three 












































































properties are changing more slowly (lower heat flux) and the model needs less resolution to give the same 
accuracy.   
4.3.1 Inputs and outputs 
The refrigerant temperature, pressure and mass flow rate at the condenser inlet are specified based on the 
measured data.  Also, the air inlet temperature and mass flow rate are set, based on measured data.   
The geometry of the condenser also needs to be specified.  Number of ports, port height, width, wall 
thickness, tube height, width and length, overall height, width and length, fin pitch, fin height, fin thickness, louver 
pitch, louver height, louver angle, louver length, fin conductivity, number of passes, and number tubes per pass all 
must be specified. 
The data generated by the model includes the refrigerant state, the Reynolds number, and heat transfer 
coefficients at each element.  The total heat transfer (Q in kW) characterizes the overall performance.   
4.3.2  Modeling equations 
The model heat transfer for each module is given by the following three equations.   
)( 1,,mod --= irefirefref hhmQ &&       4.4 






















-&  4.6 
The subscript ref refers to the refrigerant side and air refers to the air side.  Enthalpies are evaluated using 









=  4.7 
The conduction term for the thin aluminum wall has been omitted since it is very small.  iairA , is the total airside 
heat transfer area.  The overall airside efficiency is calculated as 
)1(1 ,airfinair AR hh --=  4.8 





































=h  4.9 
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Where heightF is fin height, thickf is the fin thickness, and k is the conductivity of the aluminum.  airh  is the airside 
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=Re  4.11 
louverq  is the louver angle, finP is the fin pitch, louverP is the louver pitch, finL is the fin length, tubeDp is the 
microchannel tube depth in the direction of airflow, louverL is the louver length, tubeP is the tube pitch, fint is the fin 
thickness, airV is the velocity of the air approaching the condenser, airr is the air density, and airm is the air 
viscosity.  The correlation range applies for 100 <
louverp
Re < 3000. 
The refrigerant side is similar to air where irefA , is the total refrigerant side heat transfer area.  The overall 
refrigerant side efficiency is calculated as 
)1(1 ,, refwebiref RR hh --=  4.12 



























=h  4.13 
Where heightW is web height, webt is the web thickness, and irefh ,  is the refrigerant side heat transfer coefficient.   





































Nu  4.14 
where: 
 heff Re5.1Re =  and heff DD 5.1=  when 3000Re35.1 ñh  4.15 
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or 
heff Re2.1Re =  and heff DD 2.1=  when 3000Re35.1 £h  4.16 
Pr  is the Prandtl number, tubeL  is the effective microchannel tube length in the direction of flow, and 
P
A
Dh 4=  4.17  
A is the cross sectional area and P is the perimeter of one port. 




























































































































where e is the absolute roughness of the microchannel tubing (5 X 10-6 ). 
In two – phase regions, Dobson [1998] recommends two correlations for different flow regimes.  In the 











































































rrr -=  4.22 
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Here, lr  and vr  are the density of saturated liquid and saturated vapor refrigerant.  lm  and vm are the viscosity of 
















 4.23  
The wall temperature ( wallT ) is estimated by: 
)(75.0 ,,, inairirefinairwall TTTT ++=  4.24 





=Pr  4.24 
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X +=f  4.29 
















For 7.0£lFr . 
2
1 564.148.5172.4 ll FrFrc -+=  4.31a 
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lFrc 169.0773.12 -=   4.31b 
For 7.0>lFr : 
242.71 =c  4.32a 
655.12 =c  4.32b 











Nu  4.33 
The flow regimes are distinguished through mass flux ( G ) and Soliman’s [1982] modified Froude number ( soFr ), 































=  for 1250Re ³l  4.35 
When 500<G  and 20£soFr  use equation 4.19.  Otherwise, use equation 4.33.  In either flow regime, irefh ,  for 





Nuh =,  4.36 
Where Nu  is the Nusselt number based on Dobson’s criteria. 
4.3.3  Modeled heat transfer 
The overall heat transfer results are shown in Figure 4.24.  The model correctly predicts the measured heat 
transfer with +/- 5% for most data points.  The heat transfer was determined by three independent methods.  These 
results show that the prediction and measurement are both highly accurate.  With this confidence, a more in-depth 
examination of the local heat transfer is possible. 
Figure 4.25 shows the predicted local heat flux as a function of condenser position for one data point at 
condition I0.  On average, the first pass has the highest heat flux.  The total predicted heat transfer per pass is shown 
in table 4.4.  The first pass dominates the performance of the condenser. 
In figure 4.26, the net heat transfer coefficient times the total area per unit of condenser width are shown at 
each module for the air and refrigerant side.  Equation 4.37 and 4.38 show how this quantity is calculated.  ih **,* is 
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the heat transfer coefficient, totalA **,*  is the total refrigerant or airside area, Width  is the total condenser width, and 
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Figure 4.24 Three measurements of condenser capacity (air side, refrigerant side, and chamber balance) and are 
compared with the model prediction.  Almost all results fall within a +/- 5% error band.  The high accuracy of 












h h,  4.38 
These quantities indicates the relative contribution of air side and refrigerant side geometry and local heat 
transfer coefficients to the UA value.  Airside is assumed to be constant across the heat exchanger.  The refrigerant 
side has much lower coefficients in the superheated region than it does in the 2-phase region.  However, as figure 
4.27 shows, the temperature difference between the air entering the condenser and refrigerant is highest in the 
superheated region of the first pass.  This creates a high average heat flux, even though the refrigerant side resistance 
is approximately equal to the airside.  The temperature difference in the two-phase region is nearly constant 
(pressure drop is low).  Finally, the temperature difference decreases as the refrigerant sub-cools.  Comparing 
figures 4.25 and 4.27 shows that the superheated region has higher heat flux than the two-phase region as long as the 
temperature difference is higher than 35° C.   
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Similar behavior is shown for one data point at condition H01.  See figure 1.1 for a description of each 
condition.  Figure 4.28 is the heat flux at each module for condition H01. This shows the same behavior as for 
condition I0 (figure 4.25).  The highest heat flux is during the superheated region of the first pass.  In the two-phase 
region, the heat flux is nearly constant despite large changes in the refrigerant heat transfer characteristics. 
Table 4.4 Total heat transfer per pass for two conditions.  The 1st pass is the largest and has the highest average 
heat flux, which combine to provide the greatest total heat transfer. 
 1st pass 2nd pass 3rd pass 4th pass 5th pass 
I0 2.28 1.11 0.81 0.66 0.50 

































end of super heated zone
begin subcooling
 
Figure 4.25 Heat flux as calculated by the condenser model at each module for condition I0.  Capacity of the 
condenser is 5.4 kW, inlet refrigerant temperature is 115° C and the superheat is 41° C.  The condensation 




























































end of super heated zone
begin subcooling
 
Figure 4.26 Inverse of heat transfer resistance per condenser width at each module for condition I0.  Airside 

































































end of super heated zone begin subcooling
 
Figure 4.27 Temperature difference between refrigerant and air inlet temperature at each module for condition 
I0.  The large temperature differences in the first pass compensate for the poor refrigerant heat transfer 

































end of super heated zone
begin subcooling
 
Figure 4.28 Heat flux as calculated by the condenser model at each module for condition H01.  Capacity of the 


























































end of super heated zone
begin subcooling
 
Figure 4.29 Inverse of heat transfer resistance per condenser width at each module for condition H01.  Airside 


































































end of super heated zone
begin subcooling
 
Figure 4.30 Temperature difference between refrigerant and air inlet temperature at each module for condition 
H01.  The large temperature differences in the first pass compensate for the poor refrigerant heat transfer 
characteristics.  The result is a high average heat flux. 
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Chapter 5: Internal Heat Exchanger 
5.1 Influence of IHX on thermodynamic cycle 
Thermodynamic analysis and actual systems have proven that an internal heat exchanger (IHX) can benefit 
the refrigeration cycle for some refrigerants.  Some stationary systems more driven by energy efficiency have 
already exploited this benefit, while mobile systems generally have not.  The IHX of the system shown in figure 5.1 
exchanges energy between the hot refrigerant exiting the condenser and the cold refrigerant exiting the evaporator.  
It uses the cold fluid from the exit of the evaporator to sub cool the refrigerant before it expands into the evaporator.  
The benefit of an IHX to the thermodynamic cycle is shown in Figure 5.2.  Dq is the specific cooling capacity gained 
by the increased subcooling of the refrigerant, and Dw is the increased specific work of the compressor due to the 
IHX.  Dw is more complex than shown in figure 5.2, due to the non-isentropic compression.  However, for 
simplicity, Dw is shown as it is for isentropic compression.  Depending on the relative magnitude of Dw and Dq, the 
system efficiency (COP’) with the IHX (equation 5.1) can increase or decrease over the system efficiency (COP) 


































Figure 5.2 Thermodynamic vapor compression cycle at fixed evaporating and condensing temperatures, with and 
without an IHX.  Dq is the additional specific cooling capacity and Dw is the additional specific work due to the 
IHX. 
Certain refrigerant properties help to increase Dq at a set condensing and evaporating temperature.  One is 
to decrease the slope of the saturated liquid line.  Then for the same temperature change across the IHX (DTIHX), the 
area Dq=Tevaporating*DS is greater.  Essentially, this increases the specific energy exchanged in the IHX 
(qIHX=Cp,l*DTIHX,l) and equivalently is an increase in the specific heat of the saturated fluid.  However, as more 
specific energy is exchanged in the IHX, Dw also increases. 
The area under HI is the specific energy exchanged on the low pressure side of the IHX, q IHX, the same 
specific energy exchanged on the high pressure side.  As q IHX increases, point I in figure 2 moves to the right along 
the 350 kPa isobar.  Dw is the area formed by HIGF, so it also increases, assuming similar compressor efficiencies at 
the different superheats.  For a given q IHX, evaporation and condensation pressure, the amount of increase is 
influenced by slope of the isobars.  The steeper the low pressure isobar is than the high pressure isobar, the less Dw 














This basic examination of the vapor compression cycle thermodynamic’s provides insight into the COP 
benefits of an IHX.  However, it does not show whether the cooling capacity will increase or decrease.  Domanski 
and Didion [1994] have investigated this effect for many fluids to discern which fluids could benefit from an IHX 
and which do not.  Their approach primarily differs by fixing the evaporating and condensing pressures at 
0.65*Tcritical  and 0.82* Tcritical, respectively, with or without an IHX. 
Here, the effect of the IHX on cooling capacity for several refrigerants is investigated bas ed on a cycle 
analysis.  Each refrigerant operates with the same evaporating and condensing pressures common in air 
conditioning.  The vapor compression cycle is exactly as shown in figure 5.2.  Without the IHX, the condenser exit / 
expansion inlet (E) is assumed to be saturated liquid and the evaporator exit/compressor inlet is saturated vapor (H).  
With the IHX, the evaporator and condenser exit remain saturated, but the sub-cooling of the liquid at the expansion 
device (A) increases as the vapor at the compressor inlet (I) becomes more superheated.  At the same time, the 
specific volume at the compressor inlet is increasing.  Since the volumetric displacement of the compressor is 
assumed constant, the mass of refrigerant compressed each second decreases.  Therefore, the total capacity (Q = 
mass flow rate*DH) can increase or decrease.  This characteristic is only dependent on the refrigerant properties at 
the given condition.  Note that at each data point, the effectiveness of the IHX is assumed to be sufficient to generate 
the superheat shown on the x-axis.  It may require an improbable or impossible geometry to achieve this 
performance. 
At conditions common in air conditioning operation (figure 5.3a) R502 and R134a have the greatest 
increase in capacity, while R11 and R22 do not increase at all.  The capacity for an ammonia based system actually 
decreases.  At conditions possible in refrigeration operation (figure 5.3b) R502 and R134a still benefit, but less than 
before.  R11, R22 and ammonia actually decrease in capacity. The IHX can increase or decrease a systems cooling 
capacity, depending on the refrigerant properties and operating conditions.  For R134a, an IHX is generally 
beneficial to the cooling capacity of the vapor compression cycle.   
With the same analysis, the impact of increasing the evaporating temperature at constant condensing 
temperature is shown in figure 5.4.  At lower evaporating temperatures, there is a greater possibility for increasing 
the cooling capacity.   
If the assumption of a constant isentropic efficiency for the compressor is added to the previous analysis, 
the work and COP can be calculated.  Now, instead of setting the superheat at the compressor inlet, the effectiveness 
of the IHX is set.  Figures 5.5a and 5.5b show the benefit of an IHX of constant effectiveness to the COP and 
capacity over a wide variety of evaporating of condensing temperatures.  The most benefit is seen when the 
thermodynamic cycle is at its worse or equivalently, the difference between the evaporating and condensing 
temperatures is the greatest.  The least benefit is the opposite case, when the evaporating and condensing 
temperatures are closest.  Thermodynamically, an IHX can improve an R134a based system’s capacity by up to 20% 
and the COP up to 17%.  The actual performance may be more or less, depending on how closely the actual cycle 
with and without an IHX achieves this ideal performance. 
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r502 Tevap= 20 C
Tcond = 60 C
 
Figure 5.3a 







































Tevap = -20 C
Tcond = 35 C
 
Figure 5.3b 
Figures 5.3a and 5.3b show the effect of the IHX for two evaporating and condensing temperatures assuming the 
IHX can produce the superheat at the compressor inlet shown on the abscissa.  In figure 5.3a, the two phase 
temperatures are representative of air conditioning operation.  In figure 5.3b, the two phase temperatures 
represent refrigeration operation. 
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Tcond = 60 °C
 
Figure 5.4 Effect of evaporating temperature for R134a with an IHX.  As evaporating temperature decreases, the 
benefit of an IHX increases.  For all series, the condensing temperature is set at 60 °C. 
 
 
 5.5a 5.5b 
Figure 5.5 The benefit of an IHX to the COP (a) and cooling capacity (b) of the R134a thermodynamic cycle at a 
range of operating conditions.  The effectiveness of the IHX is held constant at 0.65, which allows for, but does 
not require, a different IHX design at each data point. 
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One of the shortcomings of this analysis is in allowing the effectiveness of the condenser and evaporator to 
change such that the condensing and evaporating temperatures are maintained.  In a real system, this implies a 
greater airflow rate and/or heat exchanger size and/or a greater difference between refrigerant and inlet air 
temperatures.  In one sense, even plotting this information on the same graph is misleading because it does not 
compare a single system operating at a fixed set of conditions.   
Similarly, assuming a constant IHX effectiveness at all refrigerant conditions may require a different heat 
exchanger design for every point.  Further, the effect of pressure drop in each heat exchanger is not accounted for.  
Section 5.3 will analyze these issues in more detail.   
A detailed and validated model is needed for the IHX to address the effects on pressure drop and 
effectiveness.  Then, the performance of a single design can be evaluated at many conditions.  Moreover, this model 
could be incorporated into a detailed system model to evaluate the impact of different IHX designs on cooling 
capacity and COP. 
5.2 IHX model 
To aid in evaluation of the IHX design, a finite element model has been developed to predict the heat 
transfer and pressure drop within the heat exchanger.  It was written in Engineering Equation Solver (EES) and 
makes extensive use of the resident refrigerant property routines.  It allows for single or two phase refrigerant on the 
high or low pressure side of the IHX.  Also, in one configuration, two lengths of IHX (1.0 and1.5 meter) are 
modeled.  Another modeled configuration has two 1.5 meter IHX’s in parallel.   
The model marches across the heat exchanger from the low pressure inlet / high pressure outlet to the low 
pressure outlet / high pressure inlet.  At each element, a set of implicit equations describe the 1-D, steady-state heat 
balance and pressure drop.  EES’s internal Newton-Raphson type solver calculates the solution. 
5.2.1 Model Inputs 
The mo del was developed to match data taken from the experimental setup described in Appendices A and 
B.  Therefore, the model has to describe not only the IHX itself, but also the refrigerant lines that connect it to the 
pressure and temperature transducers (see figure 5.1). 
The refrigerant state at the inlet to the low pressure side and at the outlet of the high pressure side are 
specified.  Physically, these are located at the same end of the IHX.  Either temperature and pressure (for single 
phase states) or pressure and quality (for two phase states) can be used.  Further, the refrigerant mass flow rate must 
be specified and is assumed to be the same on both the high and low pressure sides (steady-state assumption).   
The geometry of the IHX also needs to be s pecified.  Principally, this is the cross sectional area of the high 
and low pressure side and length of the heat transfer section.  A more detailed description of the high and low 
pressure cross-section is necessary for inclusion in the heat transfer equations (fin efficiencies). 
5.2.2 Model outputs  
The data generated by the model includes the refrigerant state, the Reynolds number, and heat transfer 
coefficients at each element.  Characterizing the overall IHX performance is the effectiveness, total heat transfer (Q 
in kW), and total pressure drop in the heat exchanger alone.  The pressure drop of the connecting lines on the low 
side is also found.  The connecting line pressure drop on the high side is neglected.   
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5.2.3 Modeling equations 
The model heat transfer for each module is given by the following three equations.   
)( 1,,mod --= ilowilowref hhmQ &&  5.3 

























The subscript high refers to the high pressure side and low refers to the low pressure side.  Enthalpies are evaluated 
using EES thermophysical functions.  Since the heat exchanger is in counter flow, UA-LMTD may be used.  Where: 























directP  is the perimeter length in direct contact with the high side.  webP is the length of the web separating the ports 
on the low side.  shellP  is the length of the shell connecting the low side ports and separating it from the ambient air.   
Note that: 
webshelldirectlow PPPP ++=  5.9 




















Where H is the height and t  is the thickness of the section.  The conductivity of the aluminum is k  and lowh  is the 
heat transfer coefficient for the low side at that node.  Figure 5.6 shows how the IHX cross-section is approximated 
by a set of fins.  
 
Fin approximation of shell
Fin approximation of web
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s h e l l
t






Figure 5.6. IHX Cross-section and its fin approximations for the heat transfer equations.  The white line is the 
perimeter o f the direct heat transfer area.  The green line denotes the perimeter of the web and the purple line the 
shell’s perimeter.  A fin whose cross-section is shown at right approximates these surfaces. 
The calculation of the refrigerant side heat transfer coefficient is dependent upon the refrigerant phase and 
for the 2-phase region, whether it is heating (evaporation) or cooling (condensation).  In the single-phase regions for 
heating and cooling, the Gnielinski [1976] correlation is used.  This is more accurate across a wider range of 






















































4.  5.12 
Although rarely used, it is possible to have a two-phase outlet from the condenser that must condense in the 
IHX.  For this reason, a heat transfer correlation for condensation (Dobson [1998]) has been specified.  He gives two 
correlations for two different flow regimes.  These were developed using inner tube diameters of 3.14 mm and 7.04 
mm with the following refrigerants: R-12, R-22, R-134a, and near-azeotropic blends of R-32/R-125 in 50/50 and 
60/40 percent combinations.  The mass flux ranges are 75-800 kg/m2-sec for the 3.14 mm tube and 25-800 kg/m2-
sec for the 7.04 mm tube.   
Dobson’s correlations reflect the modes of heat transfer.  In the gravity dominated flow regime, laminar 
film condensation in the upper part of the tube is the primary heat transfer mode, whereas in shear dominated flows, 
 64 
forced convective condensation is the primary mode.  Dobson’s wavy correlation separates the heat transfer by film 
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For 0 < Frl £ 0.7, 
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c Fr Frl l1
24172 548 1564= + -. . .  5.23 
c Frl2 1773 0169= -. .    
 5.24 
For Frl > 0.7, 
c1 7 242= .  5.25 
c2 1655= .  5.26 















Dobson recommends using equation 5.27 when Gref ³ 500 kg/m
2-sec.  When Gref < 500 kg/m
2-sec, equation 5.13 
should be used if Frso < 20, and equation 5.27 should be used if Frso > 20.  Frso is Soliman’s [1982] modified Froude 
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In evaporation, the two phase heat transfer coefficient ( h ) is based on the Chato-Wattelet [1994] correlation: 
lhFh ×=  5.31 
Where F is given by: 




































X is quality, r is density and m is viscosity. The subscripts v and l refer to the properties of saturated vapor and 

























m is the refrigerant mass flow rate, v is the specific volume, A  is the cross-sectional area, and lv is the specific 









Where lcp is the specific heat of saturated liquid. 
The pressure drop relation used for single-phase regions on the low and high-pressure side is  Churchill’s 
[1977] friction factor was used in the model.  It is an explicit representation for turbulent friction factor in both 




















































































For the two-phase region on the low and high pressure side, de Souza’s [1995] correlation was used.  This 
correlation was developed using tube diameters ranging from 7.75 mm to 10.92 mm with R-134a, R-12, R-22, MP-
39, and R-32/125.  The testing covers the entire quality range with mass fluxes from 50 to 600 kg/m2-sec.  The 
correlation was developed for condensation, but here it is also applied to evaporation.  As later results show (figure 





dxf lo lo= ò
1 2f
 5.42 



















































The two-phase multiplier equation 5.42 is f 2lo, which de Souza gives as  
( ) ( )f lo ttx X2 2 1 75 0 41261 1 1 0 9524= + - +G G. ..  5.46 
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0 5 0 125. .
 5.47 
If the quality does not vary (the two-phase flow is adiabatic), then the two-phase multiplier does not have to be 
averaged, and DPf is calculated from the product of the two-phase multiplier and DPlo.   
Evaporation gives a pressure decrease due to acceleration of the mixture.  This acceleration dependent term 






















































where a is the void fraction.  In the rarely used condensation, this term provides a pressure decrease.  de Souza 
























l  5.49 
The total two-phase pressure drop is then  
accftot PPP D+D=D  5.50 
5.2.4 Experimental evaluation of heat transfer model 
The experimental data reported in this section comes from tests of a complete MAC system.  Therefore, the 
refrigerant temperatures, pressures, qualities, and mass flow rates at each data point are representative of real 
operating conditions.  Each IHX was tested at all three system operating conditions (table 5.1).  The other system 
components were: scroll compressor, microchannel condenser 1, baseline evaporator (flat plate), and manual 
expansion valve with high side receiver.  These are each described in more detail in Appendix A.  Taking multiple 
data points at each test condition extended the data set.  These points differ only by the expansion valve setting and 
explore its effect on the system COP and capacity.  This topic is discussed in more detail in section 5.4. 




















I0 1300 60.0 0.45 43.3 0.14 25 
M01 2463 43.3 0.54 43.3 0.14 50 
H01 4105 43.3 0.71 43.3 0.14 50 
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Figure 5.7 shows the results of the heat transfer predictions.  Most are within +/- 10% and on average the 
prediction is –9.8% for 1.0m IHX, -3.7% for the 1.5m IHX, and –5.6% for the 2 X 1.5m IHX in parallel.   
Generally, the high pressure side is subcooled at entrance and exit, therefore the enthalpy change from inlet 
to exit can be calculated based on temperature and pressure measurements only.  However, if a 2-phase exit does 
exist, the enthalpy at the exit is reduced to the saturated value for that pressure and this model will over predict the 
real data.  As figure 5.8 shows, this model does not systematically over predict data with low (<1°C) subcooling.  
Therefore, the presence or lack of subcooling at the condenser exit does not significantly affect the accuracy of the 
model’s predictions for this data set. 
All of the experimental data was taken with a high side receiver.  Therefore, if it is not flooded, any 
measured sub cooling should be minimal (<1° C).  This makes it difficult to distinguish any data with a 2-phase 
receiver exit from sub cooled exit.  Figure 5.10 does show that some of the data with less than 1°C sub cooling is 
predicted less accurately.  However, it is not consistently over predicted and provides evidence that the refrigerant at 
the receiver exit has a very low quality or is slightly subcooled. 
Another measure of heat exchanger performance is effectiveness (Qmeasured/Qmax) (Figure 5.9).  Due to 
its short length, the 1.0m IHX is the least effective.  Since no heat is lost to the environment, the high and low 
pressure sides exchange the same amount of energy.  Therefore Qmeasured is based on the enthalpy change on the 
high pressure side and the measured mass flow rate.  Pressure and temperature measurements on the high side are 
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Figure 5.7 Final results from the IHX model.  The model can predict the heat transfer for a range of operating 
conditions and IHX configurations.  On average the prediction is –9.8% for 1.0m IHX, -3.7% for the 1.5m IHX, 
and –5.6% for the 2 X 1.5m IHX in parallel. 
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One factor that was not included in the model is refrigerant distribution between the low pressure ports at 
the inlet to the IHX.  For a single phase refrigerant, the distribution is probably uniform, given the macroscopic size 
of the ports.  For two phase refrigerant states, it is difficult to predict the distribution and its effect on heat transfer 
and pressure drop.  Most likely, the assumption of uniform distribution increases the heat transfer predictions of the 
model over a non-uniform reality.   
Additionally, if the pressure drop within the IHX is not predicted accurately, there is a secondary effect on 
the heat transfer prediction.  Since the pressure drop is both over- and under-predicted, this may increase or decrease 
the heat transfer prediction due to the change in refrigerant temperature and/or quality. 
Even though each configuration has been tested at similar conditions, the mean heat transfer (Q, kW) 
prediction is within 10% of the measured value for most IHX configurations and test conditions.  The 
afore mentioned sources of error could dominate in different operating regimes, and add to the error inherent in the 
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Figure 5.8 Data with little or no subcooling (<1°C) is predicted slightly less accurately than data with (>1°C) of 
subcooling.  However, the error is not systematic and cannot be entirely attributed to the use of temperature and 
pressure measurements to establish the measured heat transfer of the IHX. 
5.2.5 Experimental evaluation of pressure drop model  
Two pressure measurements; one at the evaporator outlet (Pero in Figure 5.1) and one at the compressor 
inlet (Prcpi in Figure 5.1) were taken.  These values were subtracted to find the total pressure drop from evaporator 











































Figure 5.9 The effectiveness (Q/Qmax) of each IHX is shown above, at a range of conditions.  The shortest IHX 
(1.0 m) is generally the least effective and the 1.5 and 2X1.5m in parallel have a similar effectiveness. 
To model the pressure drop from evaporator to compressor, it was broken into 3 main parts (Figure 5.10): 
the evaporator to IHX (nodes 0 to 1), the IHX itself  (nodes 1-11), and the IHX to compressor (node 11-12).  The 
refrigerant properties (density, temperature, quality, etc.) were recalculated at each node.  The total pressure drop for 
each part is calculated from equation 5.51.  For the IHX, the pressure drop between each node is coupled with the 
heat transfer calculations.  Only major losses are necessary, as the IHX is straight with no changes in cross-section.  
DP = DP_major_losses + DP_minor_losses 5.51 
The inlet line (node 0 to 1) and outlet line (node 11 to12) include the major and minor losses from the 
refrigerant lines and the inlet or outlet header of the IHX. These lines were assumed to be adiabatic, since their 
entire length was well insulated.   
The major losses in all sections (DP_major_losses) are calculated for 2-phase pressure drop based on 
equation 5.50 ( totPD ) and are based on equation 5.38 for single phase.  For the 2X1.5m IHX, the inlet and outlet 
lines have several sub-sections, each with a different diameter and length (See tables 5.2 – 5.4 for the diameter and 
length of each section or sub-section).  The friction factor and pressure drop was recalculated for the different mass 
flux in each sub-section DP_major_losses was the summation of these pressure drops.  
DP_minor_losses  are calculated based on equation 5.52.  Even though the minor loss coefficient ( iK ) is a 
weak function of Reynold’s number, here it is assumed constant (See tables 5.2 – 5.4).  Based on an initial 
comparison of the model with real data, an additional minor loss term (Kcorrected) was added to the description of the 
outlet line (See Kcorrected in table 5.4).  This was added to increase the predicted pressure drop and better match the 


















































Figure 5.10 Evaporator to compressor pressure drop discretization for IHX model. 
In a separate set of experiments, the minor loss coefficient ( iK ) of the IHX headers was estimated.  
Assuming inlet and outlet losses are identical, they were found to be 5.66 each!  This is much higher than the initial 
geometry based estimate of 0.33.  This provides a basis for estimating DPIHX inlet  and DPIHX outlet as shown in figure 
5.10.  For the most part, Kcorrected accounted for this difference.  It does indicate that the sum of DPIHX inlet  and DPIHX 
outlet account for as much as 78% of the pressure drop within the IHX itself. 
The major source of the pressure drop prediction error appears to be in data with a 2-phase exit from the 
evaporator.  In figure 5.11, the pressure drop prediction error (measured – predicted) is plotted versus rV2.  The 
error increases as quality decreases, so it seems the 2-phase pressure drop correlation (de Souza [1995]) may have a 
problem.  de Souza’s correlation was developed with condensation and here it is applied to evaporation, so this may 
be the source of some errors.   
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Table 5.2 Coefficients for pressure drop equations: inlet line.  The inlet line for the 2X1.5m IHX has 3 different 
cross sections (denoted by subscripts 1, 2, and 3 above), each of different length.  The refrigerant intensive 
properties were not recalculated when the cross section changed. 
IHX L(m) Dh(m) A (m2) kminor 
1.0m 4.039 .0127 .0001267 .33 
1.5m 4.039 .0127 .0001267 .33 
2X1.5m1 0.356 .0127 .0001267  
2X1.5m2 3.157 .0159 .0001986 1.59 
2X1.5m3 .559 .0127 .0002534 .33 
Table 5.3 Coefficients for pressure drop equations:  IHX. 
IHX L Dh A kminor 
1.0m 1.0 0.003968 .0001150 0 
1.5m 1.5 0.003968 .0001150 0 
2X1.5m 1.5 0.003968 .0002301 0 
 
de Souza’s correlation covers mass fluxes from 50 to 600 kg/(m2*s), and the measured mass flux varies 
from 100 to 550 kg/(m2*s).  de Souza used R134a to develop his correlation, the same fluid used here.  In his 
correlation, pipe diameters ranged from .305 in (7.75 mm)  to .430 in (10.92 mm).  In this data, the inlet and outlet 
sections had a diameter ranging from 0.5 in (12.7 mm) to 0 625 in (15.9 mm) and the IHX had a hydraulic diameter 
(low pressure side) of 0.157 in (3.97 mm).  There is some extrapolation outside of the operating region the 
correlation, so this may also be the reason for the prediction error. 
Table 5.4 Coefficients for pressure drop equations:  outlet line.  The outlet line for the 2X1.5m IHX has 2 
diffe rent cross sections (denoted by subscripts 1 and 2 above), each of different length.  The refrigerant intensive 
properties were not recalculated when the cross section changes.  Note that kcorrected dominates the pressure drop 
in the outlet section. 
IHX L(m) Dh(m) A(m
2) Kminor kcorrected 
1.0m 2.692 .0127 .0001267 3.261 33.11 
1.5m 2.692 .0127 .0001267 3.261 39.55 
2X1.5m1 .330 .0127 .0001267 1.52 20.41 
2X1.5m2 2.438 .0159 .0003959 .33  
 
In figure 5.11, the data points are grouped by IHX type and by 2-phase or superheated exit from the 
evaporator.  The points in each condition with the highest rho*V2 have the lowest quality.  As quality decreases 
(shown by the direction of the red arrows), the manual expansion valve is opening and rho*V2 increases. 
Therefore, as the quality increases (rho*V2 decreases) the prediction improves.  As the quality approaches 
1, the two-phase predictions approach the same accuracy as the single-phase pressure drop predictions.  In other 
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words, the pressure drop prediction at a very high quality nearly matches the pressure drop prediction of the single-
phase correlation, as it logically should.  In figure 5.12, the pressure drop calculations for the inlet line are nearly 
continuous as the 2-phase data transitions to a single phase.  This shows that the transitions between 2-phase and 
single-phase predictions are logical.   In short, figures 5.11 and 5.12 imply that the 2-phase pressure drop prediction 
becomes less accurate as the quality decreases, but deliver the same accuracy as the single phase predictions as the 
quality approaches 1. 
 
Figure 5.11 The y-axis is the difference between the measured pressure drop from evaporator to compressor inlet 
and the predicted value.  On the x-axis is the density * average velocity squared (rV2) evaluated at the 
compressor inlet.  The red lines indicate the direction of decreasing quality in the 2-phase data.  As the quality 
decreases, the prediction becomes worse. 
Figures 5.13 and 5.14 show the pressure drop predictions for the IHX and the line connecting it to the 
compressor, respectively.  The IHX exit is always superheated, so the pressure drop in the outlet line is just K*rV2, 
where K is the same number for the 1.0m and 1.5m IHX since they share the same configuration.  The 2X1.5m IHX 
has a different configuration for the IHX outlet line, so it has a slightly lower K than the 1.0 or 1.5m IHX.   
5.3 System model 
From section 5.1, an IHX has been shown to benefit the thermodynamic cycle and from 5.2, a particular 
IHX design can be accurately modeled.  The next step is to create a system model to show how a particular IHX 
design impacts the system performance.  Ideally, this would be a very detailed and complicated model to predict the 










































suction line measured - calc_comp_inlet 1.0m superheated
suction line measured - calc_comp_inlet 1.0m 2ph
suction line measured - calc_comp_inlet 1.5m superheated
suction line measured - calc_comp_inlet 1.5m 2ph
suction line measured - calc_comp_inlet_2X1.5m superheated
suction line measured - calc_comp_inlet_2X1.5m 2ph
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Figure 5.14 Pressure drop prediction for the outlet line (y-axis) versus the predicted rV2 (x-axis) at the outlet of 
the IHX (node 11). 
However, a simple system model based on the thermodynamic cycle and empirical data could also be used 
to predict the system performance.  It would be more accurate at points near the empirical data, but still show the 
correct relationships among the IHX variables.  This is the approach taken here.  A detailed model certainly holds 
many benefits, but it is beyond the scope of the research focus of this thesis. 
In this model, the IHX is combined with the suction line and modeled by two variables: effectiveness (e ) 
and total evaporator exit to compressor inlet pressure drop (ECDP).  As section 5.3.3 describes, plotting the system 
performance (cooling capacity and COP) as a function of these two variables shows the impact of all IHX designs 
for a single set of operating conditions.  From a single graph, one can see performance enhancement or degradation 
due to a particular IHX design.  The data shown in 5.3.3 is not directly applicable to all MAC systems, but it 













0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

































Figure 5.15 The specific volume at the compressor inlet is good at all points with a single phase inlet to the IHX, 
as discussed in 5.2.4. 
Here is how the methodology works.  For a particular MAC system, the design engineer modifies an 
existing system model by adding an IHX that is represented by its effectiveness (e ) and pressure drop.  Its pressure 
drop is added to the pressure drop of the existing suction line to find the total evaporator exit to compressor inlet 
pressure drop (ECDP).  Then, solve the model for a range of e and ECDP to create graphs similar to figures 5.16 
and 5.17.  At each e  and ECDP combination, the system model will predict the inlet pressure/specific enthalpy/ 
mass flow rate of the high and low pressure IHX inlets.  One could evaluate IHX vendors by asking them to design 
an IHX such that it has a certain e  and ECDP.    Comparing the resulting price/size/weight could show which is the 
better IHX design.   
If one were to design their own IHX, a detailed IHX model similar to the one in section 5.2, could be used 
to iterate the IHX design until the e  and ECDP matched a predetermined value.  These values are based on a 
desired improvement in cooling capacity and COP from a graph similar to figures 5.16 and 5.17. 
A more elegant method is to add additional equations to the IHX model to calculate total weight, volume, 
cost, or a weighted combination (an objective function) of these.  Then, fix e  and ECDP and solve for a fixed value 
or a minimized value of the objective function.  Additional constraints need to be added to prevent unrealistic or un-
manufacturable designs.  The final result is an optimal IHX design for the given constraints. 
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5.3.1 Model description 
A system model with an IHX could be used in two distinct ways.  One captures the system performance 
with a single geometry IHX design.  This requires a good model of the IHX that is accurate at many conditions.  The 
effect of different operating conditions (compressor speed, air inlet temperatures, and air flow rates) could then be 
explored.  However, this provides little information on the relationship between the system and IHX performance, 
but is adequate to evaluate a small number of IHX designs.  Comparing model results at a few well-chosen 
conditions will characterize the system performance. 
One can approach the problem from the opposite direction by setting a certain increase in cooling capacity 
and / or COP as a goal.  Then, determine the IHX performance necessary to meet this goal.   
First, a set of variables must be defined to fully characterize the performance of an IHX.  Given any set of 
inlet conditions (mass flow rate, thermodynamic state, and refrigerant properties) the outlet conditions are functions 
of only these variables.  One item to define is the pressure drop.  For the systems discussed here, the pressure drop 
on the high side is usually negligible.  The IHX model confirms this assumption.  
This is due to the high side containing sub cooled liquid and the associated high (relative to the low side) 
heat transfer.  This allows a simple geometry  (round tube in this case) that has sufficient heat transfer characteristics 
and low pressure drop.   
The low side pressure drop has a significant impact on the IHX and the system performance.  From a 
system performance standpoint, the pressure drop through the low pressure side of the IHX is nearly 
indistinguishable from the pressure drop in the connecting lines.  Within the IHX, pressure drop decreases the 
refrigerant temperature, increasing the temperature difference between high and low pressure.  An increase in heat 
transfer will result.  However, this is a small effect and is neglected to simplify the representation of an IHX.  Total 
pressure drop from evaporator to compressor is combined into a single variable (evaporator exit to compressor inlet 
pressure drop, ECDP). 
The thermodynamic performance can be expressed by the effectiveness (e ).  In counterflow heat 
exchangers with non-phase changing fluids and constant specific heats, this is a ratio of actual temperature change 











definition can be modified to the actual enthalpy change over the maximum enthalpy change possible for a given set 











maximum enthalpy change occurs when the exit temperature of one fluid reaches the inlet temperature of the other.  
Then, even if the heat exchanger is longer, no additional heat transfer can occur.  The limiting fluid has the smallest 
total heat transfer when the outlet temperature reaches the inlet temperature of the other fluid.  The mass flow rates 
are the same for the high and low side (assumes steady-state operation).  Therefore, one can find which fluid has the 
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smallest change in specific enthalpy when the exit temperature reaches the inlet temperature of the other fluid.  
Additionally, note that the pressure is held constant at the inlet value when calculating the maximum enthalpy 
( maxh ). 
Withe and ECDP, the entire performance of the IHX is captured.  Holding all other inputs constant and 
solving the system model across a range ofe and ECDP captures their impact on the system.  A simple model, based 
on the thermodynamic cycle, forces one to think of the simplest representation of a real system and allows for a 
steady-state solution.  The components are reduced to an evaporator, condenser, compressor, IHX and expansion 
device.  The expansion device is assumed to be an isenthalpic, manual operated needle valve so equations describing 
its behavior are trivial (enthalpyin = enthalpyout).  The thermal behavior of each heat exchanger is modeled by three 
































































The values on the right hand side of equations 5.57 – 5.58 are measured values from experimental data.  
Tcai andTeai are the air inlet temperatures.  2Tcn , 1Ten and 2Ten are the air outlet temperatures.  
Tcri andTeri are the refrigerant inlet temperatures.  tcond and tevap are the condensing and evaporating 
temperatures respectively.  These were used instead of the refrigerant outlet temperature to reduce UA’s over 





are the mass flow rate of refrigerant and air respectively in Kg/s. 
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The pressure drop through each HX is a curve fit from empirical data, based on the refrigerant mass flow 
rate.   
DPcr = 0.0239*(1000* trefrigeranm
·
)^2 - 0.0765*(1000* trefrigeranm
·
) + 13.838 




) -14.301 5.59 
 
Where DPcr is the refrigerant pressure drop through the condenser and DPer is the pressure drop through the 
evaporator, both in kPa.   
In the condenser, outairh , and inairh , are determined from psychometric relationships based on the 
temperature, pressure and relative humidity.  In the evaporator,  
sensiblelatentinairoutair qqhh +=- ,,  5.60 
Where: 
sensibleratiolatent qqq *=  5.61 
and 
)( TeaoTeaiCpq airsensible -*=  5.62 
ratioq is a constant averaged from measured data.  airCp  is calculated based on the air inlet temperature and ideal 
gas relationships.  Teao  is the modeled air exit temperature. 
The compressor is characterized by three values: the compression efficiency  ( ncompressioh ), the isentropic 
efficiency ( isenh ), and the volumetric efficiency ( vh ).  ncompressioh  is the ratio of the isentropic enthalpy change of 










  5.63 
isenh is the ratio the isentropic power needed to raised the refrigerant to the discharge pressure over the actual power 








Implicitly, this allows for some heat to be exchanged with the laboratory environment. 
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compressorW  - )( inoutref hhm -
·
= Qlost 5.65 
 
vh is the ratio of volumetric flow rate into the compressor over the compressors total calculated displacement at a 








5.3.2 Model verification 
Four well-chosen data points, one for the baseline and one for each IHX tested, were modeled.  All data 
points were measured at nearly identical conditions (H01 in the test matrix of figure 1.1).  The differences between 
each data point are the IHX, the mass of refrigerant charge, and the setting of the manual expansion valve.  The 
differences in charge are a consequence of different lengths of each IHX and the resulting changes in total low 
pressure volume.  This is unavoidable and not significant since the sub cooling at the condenser exit remained small: 
less than 18° F (10° C) for these four data points.  Different settings of the manual expansion valve required the 
evaporator exit condition (quality or superheat) to become part of the model inputs for each IHX. 
Table 5.5. System model input values for each configuration at test condition H01. 
 Baseline 1.0 meter 1.5 meter 2X1.5 meter 
e  0 0.477 0.494 0.581 
ECDP 112 220 244 154 
X or DT_sup 18.2 °C 0.9213 0.9718 0.6 °C 
 
Three of the input variables were set at their measured value for each model run.  These are: e , ECDP, and 
evaporator exit condition (See Table 5.5).  The remaining measured variables were averaged across all four tests and 
are summarized in Table 5.6  
With data from Table 5.5 and the average values from Table 5.6, the system model calculated the values 
shown in Table 5.7.  Both capacity and COP are predicted within 5.4%.  The average error is +0.6%. 
5.3.3 Modeling results 
To see the impact of all possible IHX designs, the system response across the range of e  and ECDP was 
calculated.  Since these define the IHX performance, relating Q or COP to e and ECDP shows how the IHX impacts 
the system.  In figure 5.16, lines of constant Q and COP are drawn on coordinates where e is the abscissa and ECDP 
is the ordinate.  This illustrates their relationship for a single operating condition with high air inlet temperatures 
(110° F) and a condenser air flow rate and compressor speed compatible with highway driving.  Qualitatively, it is 
clear that a tradeoff between e and ECDP make it possible to maintain a constant Q or COP.   
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Each point on the graph represents at least one and possibly more IHX designs that may or may not be 
possible to create.  The ideal IHX has e =1 and ECDP = 0 and the worse has e =0 and ECDP = 350.  All other 
designs fall somewhere in between and impact the system in different amounts.  For example, if this system 
originally had no IHX ( e =0) and ECDP = 180, the corresponding Q is ~7.08 and COP is ~1.31.  To maintain the 
same cooling capacity and increase the COP by 15% to 1.51, one could tolerate ECDP of 230 kPa if the IHX had 
an e  of 0.2.  As ECDP decreases, Q increases at a constant e .  Similarly, if COP were to remain constant at 1.31, 
then ECDP must decrease to 110 kPa while e increases to 0.1.  An increase in Q to 7.66 kW results, an 8.2% 
increase over the system without an IHX. 
Table 5.6. Average values are system model inputs for all configurations at test condition H01. 
 Baseline 1.0 meter 1.5 meter 2X1.5 meter Average 
Tcai 42.9 43.0 43.3 43.4 43.2 
condenserairm ,
·
 0.647 0.646 0.639 0.641 0.643 
condenserUA  -0.413 -0.403 -0.299 -0.331 -0.316 
Teai 43.0 43.1 43.6 43.2 43.2 
evaporatorairm ,
·
 0.142 0.141 0.141 0.146 0.143 
ratioq  1.70 1.65 1.62 1.71 1.67 
sensibleevaporatorUA ,  0.157 0.245 0.204 0.215 0.205 
isenh  0.696 0.645 0.709 0.696 0.687 
mh  0.617 0.590 0.621 0.625 0.613 
vh  0.903 0.862 0.886 0.892 0.886 
DT_sub 9.1 9.6 0.7 2.8 5.5 
 
Table 5.7 Model prediction of cooling capacity (Q) and COP. 
 Baseline 1.0 meter 1.5 meter 2X1.5 meter 
COP measured 1.55 1.56 1.57 1.74 
COP predicted 1.52 1.55 1.63 1.67 
% difference in COP -1.9 -1.0 +3.7 -4.1 
Q measured 7.21 7.43 6.97 8.33 
Q predicted 7.48 7.41 7.34 8.24 




Figure 5.16. Relationship between IHX variables ( e and ECDP) and system performance (Q (kW) and COP).  
Modeled for test condition H01: (air inlet temperature for condenser and evaporator 43.3° C, 50% RH and 0.141 
kg/s air flow rate over the evaporator, 0.647 kg/s air flow rate over the condenser, 3000 rpm compressor speed, 
evaporator exit quality =1.0). 
Another important factor is evaporator exit condition.  It impacts the low pressure inlet to the IHX and has 
a large effect on the benefit of an IHX to the system.  Figure 5.17 shows the impact of a range of exit conditions on 
the system performance.  As superheat decreases, e and ECDP must increase to maintain the same COP.  
Thermodynamically, greater superheat in the IHX will provide greater benefit to the system.  Therefore, a higher 
inlet superheat or quality will allow for a higher possible COP.  When quality drops below 1, curves for low e  
become very steep.  This is due to the IHX utilizing the liquid droplets coming from the evaporator to cool the liquid 
line instead of letting the droplets refrigeration effect to be wasted in the compressor.  A possible benefit of the IHX 
is to allow the evaporator to be flooded without sacrificing the system efficiency.  Without a superheated zone in the 
evaporator, more energy can be exchanged in the same volume due to higher heat transfer coefficients for liquid 
refrigerant than vapor. 
A few overall trends are important to note.  First, as the evaporator exit condition changes from some 
quality to superheat (figure 5.17 a-d), the lines of constant COP become slightly less steep and they move towards 
lower effectiveness.  In other words, a lower IHX effectiveness is needed to reach the same COP, even when the 
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evaporator exit is superheated.  This provides some compensation for the reduced IHX performance if evaporator 
exit superheats are high, forcing the low pressure exit temperature to approach the high pressure inlet.   
Another trend is observed in the slope of the lines of constant cooling capacity.  At high superheats, they 
are nearly parallel to the x-axis (weak dependence on IHX e , strong dependence on ECDP).  For r134a, in the 
range of evaporating and condensing temperatures seen here, these lines are guaranteed to be monotonic.  As figure 
5.5 shows, the cooling capacity will always increase as IHX e (compressor inlet superheat) increases.  Even though 
specific volume at the compressor inlet decreases (mass flow rate decreases for a fixed displacement pump), the 
increase in specific capacity more than compensates.  Equivalently, as IHX e  increases, a higher ECDP is required 
to increase specific volume at the compressor inlet and reduce mass flow rate.  Also, specific work will increase due 
to the artificially high pressure ratio in the compressor. 
 
 
 a.  15° C superheat b.  5° C superheat  
 
 c.  X = 0.97 d.  X = 0.92 
Figure 5.17 a-d. Changing the evaporator exit condition significantly changes the benefit of an IHX.  Higher e  






As the evaporator exit condition decreases its superheat / quality, each line of constant cooling capacity 
develops a “knee” at low effectiveness.  Most likely, this is a thermodynamic effect of liquid carryover into the 
compressor.  A minimum effectiveness is necessary to prevent the loss of refrigeration effect and overall system 
performance when liquid is evaporated in the compressor.  Once this minimum is exceeded, a small increase in 
IHX’er effectiveness gains less cooling capacity than before.   
Another interesting feature is the positive and negative slope of the lines of constant COP.  When the 
IHX’er effectiveness is held constant between 0.65 and 0.85, depending on the evaporator exit superheat or quality, 
COP may increase or decrease when ECDP decreases.  This is a non-intuitive result that may be a consequence of 
system model assumptions.  Also note that cooling capacity will always increase as ECDP decreases regardless of 
the evaporator exit condition or IHX effectiveness.   
With the same type of analysis discussed here, a system designer can evaluate how the IHX design impacts 
their system performance.  Qualitatively, figures 5.16 and 5.17 show the effect of an IHX (effectiveness and 
pressure drop) on the system performance.  This gives more insight into selecting the ECDP and e  an IHX must 
have for the system to achieve the desired capacity and COP.  Likewise, one can more easily optimize an IHX 
design for any other variable (cost, weight, manufacturability, etc.) since the IHX performance can be easily related 
to the system performance. 
Note the numerical results are only accurate for the applicable conditions.  It is better to use it as an 
indication of the overall trend and to show what relationships exist between the IHX and system performance.  
These are fro m a simple system model at a given test condition.  Extrapolation to other systems or other conditions 
may not be numerically accurate.  To apply these concepts, one must first create a system model that accurately 
recreates the real systems performance without an IHX.  Then add equations to model the IHX by specifying its 
effectiveness and pressure drop and solve across a range of effectiveness and ECDP.  The impact of any variable (air 
flow rate, compressor speed, air inlet temperature, humidity, expansion valve setting, etc.) on the IHX/system 
performance can be quantified by plotting the data as in figure 5.17. 
Then, an IHX and its connecting lines can be designed with very specific performance goals ( e  and 
ECDP) at a range of operating conditions that will achieve the cooling capacity and COP needed.  Changing the 
length, diameter, number of ports, wall thickness, etc allows the design to meet these criteria.  Other variables 
(reliability, package volume, weight, cost, etc.) remain to evaluate which design is best for a particular application. 
5.4 Performance of a system with expansion valve and high pressure receiver, with and without an 
IHX 
For the system shown in Figure 5.1, the effect of the expansion valve setting on the system performance 
was explored.  Throughout this section, the superheat or quality at the exit of the evaporator will be used to indicate 
the expansion valve setting, since the cross sectional area of the valve opening was not recorded.  Be aware that the 
variables shown in the following figures are not the only ones changing.  For example, if UA is plotted against 
superheat, it does not mean the UA values are solely a function of superheat.  The refrigerant mass flow rate, 
pressure ratio (Pdischarge/Psuction), and other variables also change at each data point.  From this data, it is not 
possible to quantify or even determine which variable has the greatest effect, but to only observe the system in its 
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entirety as the valve opens and closes.  The results of a system test with many variables changing cannot be 
interpreted as the summation of component tests where only one variable changes. 
Based on the thermodynamic analysis of Section 5.1 and the evaporating / condensing temperatures of 
figure 5.18, the IHX may increase COP by up to 10% and capacity by up to 15%.  The simplified thermodynamic 
analysis neglects the negative influence of pressure drop and a changing IHX effectiveness, as mentioned earlier.  
Other effects including refrigerant distribution and oil-refrigerant interactions are also neglected.  However, the 
assumption of an effectiveness of 0.65 is representative, given the cluster of data points near 0.65 in figure 5.11 
(measured versus predicted IHX effectiveness).  The thermodynamic analysis of section 5.1 provides an 
approximate upper bound to the possible improvement one should expect in the real system measurements. 
As the manually operated expansion valve is closed, the system cooling capacity and COP change as shown 
in figures 5.19 - 5.21.  Each plot is based on measured values taken from the system described in Appendices A and 
B.  The EES file of Appendix C processed the raw data.  Each operating condition (I0, M01, or H01) is described in 
figure 1.1 and is shown in the upper right hand corner of figures 5.19 - 5.21.  Each condition represents operation 
under very high load, typically considered to be during pulldown.  In pulldown conditions, the maximum cooling 
capacity is demanded by the passengers to reduce the temperature of the cabin as quickly as possible.  The time 
spent at such conditions may not be long, but it is very important to the consumer.  For this reason, these conditions 
are emphasized here.   
5.4.1 System cooling capacity and COP 
One way to compare these systems is to assume they can be controlled to achieve their optimum 
performance at any given condition.  Then, one can logically compare the hardware performance without regard to 
control of the expansion valve.  Effectively, the component that controls the refrigerant expansion is placed outside 
of the “system” boundary.   
Figures 5.19 – 5.21 compare all four configurations (no IHX, 1.0m IHX, 1.5m IHX, and 2X1.5m IHX) at 3 
operating conditions (I0, M01, and H01).  A few tests were allowed to run without controlling the subcooling in the 
condenser.  Orange (shaded) labels  mark these data points in all the figures and graphs that follow.  The excessive 
sub-cooling results from refrigerant redistribution from the evaporator and suction line / IHX into the receiver as the 
valve closed.  The receiver was undersized for some configurations and overflowed, allowing liquid to backup into 
the condenser.  The end result for these imperfect data is that the relationship between the valve position (evaporator 
exit superheat or quality) and capacity / COP is disguised by the influence of a change in subcooling.  A summary of 
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Figure 5.18 The system operates in a region with high refrigerant condensing temperatures and moderate 
refrigerant evaporating temperatures.  These data points are based on the pressure at the exit of the evaporator 
and entrance to the condenser. 
An important aspect of this research has been to characterize the impact of the expansion valve setting/ 
evaporator exit quality on the system performance.  From figures 5.19 – 5.21 both the COP and cooling capacity 
peak at a given evaporator exit quality or superheat.  COP is the ratio of cooling capacity to work, and as figure 5.22 
shows work always decreases as the expansion valve closes.  Therefore, the peak COP will always occur at a 
slightly higher evaporator exit quality or superheat than the peak cooling capacity. 
To summarize the results of figures 5.19 – 5.21, tables 5.8 and 5.9 compare the capacity and COP of each 
configuration with an IHX over one without an IHX at maximum cooling capacity and maximum COP.  Effectively, 
this compares the performance of each configuration, based on either maximum cooling capacity or a maximum 
COP criterion.  The 2X1.5m IHX generally achieves the greatest improvement (as much as 17.0%) over the baseline 
system.  This IHX has the least pressure drop as shown in section 5.2.5.  Its effectiveness (e) is close to the 1.5m 
IHX  (section 5.2.4) and greater than the 1.0m IHX.  The effectiveness and suction line pressure drop are 
summarized in Tables 5.10 and 5.11 for peak COP and peak cooling capacity, respectively.  In all cases, either the 
suction line pressure drop (ECDP) is far less for the 2X1.5m IHX and / or the effectiveness is greater than for the 
other IHX’ers.   
Returning to the analysis of section 5.3, the best performance should be the IHX design with the lowest 
pressure drop and highest effectiveness, as figure 5.17 shows.  The system with a 2X1.5m IHX, in general, moves 
lower and farther to the right on figure 5.17 and therefore operates with greater efficiency and higher capacity than it 
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does with either of the other two IHX’ers.  Experiments seem to show an exception to this trend at M01 (figure 
5.20).  Here, the 2X1.5m only has the greatest cooling capacity.  The 1.5m IHX has a higher COP, but a lower 
cooling capacity.  A closer examination of figure 5.17d illustrates how this “exception” can occur.  At effectiveness 
below 0.75, the lines of constant COP have a negative slope.  Therefore, if the suction line pressure drop decreases 
the cooling capacity will increase and COP will decrease.  While it seems that COP and capacity should both 












Here, Q is cooling capacity, compW is compressor work, mr  is mass flow rate, dhev  is the enthalpy change within 
the evaporator and compdh is the enthalpy change in the compressor.  As ECDP increases, dhev may increase or 
decrease for fixed condenser sub cooling, fixed evaporator exit superheat (quality) and fixed IHX effectiveness as 
are assumed in this model.   
For a numerical example, assume the suction line pressure drop decreases from 250 to 200 and the 
effectiveness is a constant 0.6.  The cooling capacity increases from 7.29 kW to 7.75 kW (a 4.1% increase) and the 
COP decreases from 1.64 to 1.62 (a 1.2% decrease).  Figure 5.17 is based on condition H01, so the slope of lines of 
constant COP is likely to be different at other operating conditions.  This “exception” is actually a feature of the 
overall system at the M01 operating condition. 
When an “exception” occurs, one may need to decide which design is best.  To aid in this judgment, note 
the 2X1.5m IHX increases cooling capacity by 16.3% and loses 3.3% of the baselines peak COP values at condition 
M01.  In this type of comparison, the 1.5m IHX does not perform as well, since it loses 5.0% of the baselines 
capacity while gaining only 10.7% of its COP. 
5.4.2 Impact of IHX on expansion valve control strategy 
Controlling the system adequately to achieve the best performance maximums of Q and COP is a 
significant difficulty.  A thermal expansion valve and high pressure receiver can be set to produce minimal 
superheat at the evaporator exit and minimal subcooling in the condenser.  It is obvious that high superheat is 
detrimental to performance due to poor utilization of evaporator surface.  Reducing superheat reveals a 
maldistribution issue caused by imperfect distribution or uneven load in the evaporator passages.  Then, droplets in 
the superheated vapor at the compressor suction increase.  There are opposing effects in this case.   Allowing more 
droplets to leave the evaporator increases its effectiveness, but the refrigeration effect of these droplets is lost.  The 
problem is to find an optimal balance that maximizes cooling capacity and/or COP. 
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Figure 5.19. COP (top) and capacity (bottom) for each system at test condition I0.  The x-axis is the calculated 
quality or superheat at the exit of the evaporator.  The maximum COP and capacity are achieved by the 2X1.5m 
IHX.  However, a quality less than 0.9 was necessary at each maximum. 
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Figure 5.20. COP (top) and capacity (bottom) for each system at test condition M01.  The x-axis is the calculated 
quality or superheat at the exit of the evaporator.  The maximum capacity is achieved by the 2X1.5m IHX that 
also had the lowest COP.  The maximum COP was achieved by the 1.5m IHX that had the lowest capacity. 
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Figure 5.21. COP (top) and capacity (bottom) for each system at test condition H01.  The x-axis is the calculated 
quality or superheat at the exit of the evaporator.  The maximum capacity and COP are achieved by the 2X1.5m 
IHX. 
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Figure 5.22 Compressor work (kW) at condition H01 for all four configurations.  Note that compressor work 
always decreases as the expansion valve closes.  Therefore, the peak COP must occur after the peak cooling 
capacity. 
Table 5.8 Summary of IHX percentage increase in maximum measured COP over the identical system without 
an IHX at each operating condition and IHX configuration. 
Condition % increase of COP at its maximum 
 I0 M01 H01 
1.0m -2.2 1.9 3.2 
1.5m -0.5 10.7 2.6 
2X1.5m 2.7 -3.3 12.3 
Table 5.9 Summary of IHX percentage increase in maximum measured cooling capacity over the identical 
system without an IHX at each operating condition and IHX configuration. 
Condition % increase of cooling capacity at its maximum 
 I0 M01 H01 
1.0m -1.7 2.0 2.6 
1.5m 1.4 -5.0 -5.2 
2X1.5m 17.0 16.3 13.3 
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Table 5.10 Comparison of suction line pressure drop (ECDP, kPa) and effectiveness at each configuration’s 
maximum COP for each test condition.  Effectiveness is defined as in equation 5.55. 
Condition ECDP and IHX effectiveness at maximum COP 
 I0 M01 H01 
 ECDP Effectiveness ECDP Effectiveness ECDP Effectiveness 
No IHX 19.7 0 59.5 0 112.2 0 
1.0m 36.9 0.600 132.7 0.388 210.1 0.378 
1.5m 41.8 0.690 158.7 0.435 242.7 0.481 
2X1.5m 23.4 0.718 92.1 0.599 154.1 0.581 
Table 5.11 Comparison of suction line pressure drop (ECDP, kPa) and effectiveness at each configuration’s 
maximum cooling capacity for each test condition.  Effectiveness is defined as in equation 5.55. 
Condition ECDP and IHX effectiveness at maximum cooling capacity 
 I0 M01 H01 
 ECDP Effectiveness ECDP Effectiveness ECDP Effectiveness 
No IHX 20.8 0 73.1 0 123.3 0 
1.0m 36.9 0.600 142.8 0.409 218.7 0.400 
1.5m 52.1 0.675 166.8 0.549 244.4 0.494 
2X1.5m 20.3 0.658 86.9 0.670 154.1 0.581 
 
Comparing each system (IHX to no IHX) of figure 5.19, 5.20, and 5.21 at a saturated evaporator exit 
(X=1), summarizes the percent improvement due to each IHX configuration at the same evaporator exit condition.  
These are summarized in tables 5.12 and 5.13.  A system with no IHX has maximums of Q and COP near a 
saturated evaporator exit.  They are not at lower quality probably due to the detrimental effect of lost refrigeration 
effect of the droplets.   
This performance is also similar to that of an orifice tube and suction accumulator.  The primary difference 
between these systems at steady-state is the condenser subcooling.  A system with a receiver generally has little or 
no subcooling, but a system with a suction accumulator stores its excess charge as subcooled liquid in the last pass 
(passes) of the condenser.  However, this is a small effect, as long as the subcooling does not become excessive in 
the orifice tube / suction accumulator system.  The measured subcooling for the experimental systems (manual 
expansion valve / high side receiver) is shown in table 5.14, at each operating condition with a saturated evaporator 
exit. 
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Table 5.12 Percentage increase of COP over no IHX when evaporator exit is saturated vapor (quality is 
approximately 1). 
Condition % increase of COP at saturated evap exit 
 I0 M01 H01 
1.0m -1.6 2.5 3.0 
1.5m -0.3 11.5 2.8 
2X1.5m -13.8 -3.6 12.3 
Table 5.13 Percentage increase of cooling capacity over no IHX when evaporator exit is saturated vapor (quality 
of approximately 1). 
Condition % increase of cooling capacity at 
saturated evap exit 
 I0 M01 H01 
1.0m 0.3 4.2 4.5 
1.5m 1.5 -7.0 -3.6 
2X1.5m 12.0 18.8 15.5 
Table 5.14 Subcooling in condenser when the evaporator exit is saturated vapor (quality is approximately 1).  
The high subcooling for the 2X1.5m IHX at I0 and M01 and for the 1.0m at M01 and H01 are due to excess 
charge that filled the high side receiver and backed up into the condenser.  The 1.0m IHX at H01 is not shaded 
since the sub-cooling was 9.0 °C at a minimum, a 6 °C range. 
Condition Subcooling in condenser (°C) 
 I0 M01 H01 
No IHX 6.4 6.1 9.1 
1.0m 0.6 13.7 15.0 
1.5m 0.6 0.1 0.8 
2X1.5m 21.6 25.6 2.8 
 
The 2X1.5m IHX shows the greatest increases in cooling capacity, but these gains are offset by a reduction 
in COP.  The system designer must judge if the cooling capacity gains are worth the reduction in COP. 
The high subcooling for the 2X1.5m IHX at I0 and M01 probably contributes to the poor performance in 
COP.  As V. Pomme of Valeo Climate Control points out in V. Pomme [1999], non-optimized subcooling may 
cause the COP and capacity to increase or decrease.  The minimized subcooling present in most other points is not 
likely to deliver optimal capacity or COP, but it does give the systems a common point of reference. 
Comparing tables 5.12 and 5.13 with 5.8 and 5.9 respectively, indicates how much performance is lost by 
operating each system (baseline or with an IHX) at a saturated exit instead of an optimal exit condit ion for 
maximum cooling capacity or COP.  With the exception of I0 with a 2X1.5m IHX, all other points are within 2.5% 
change in cooling capacity or COP.  This is a small change, but and does not indicate the need to find a new control 
algorithm to operate an IHX near its optimum. 
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5.4.3 Impact of IHX on other component’s performance 
Another aspect of the IHX to investigate is its impact on the performance of the other components in the 
system.  One measure of heat exchanger performance is UA=Q/LMTD, with LMTD as noted in equations 5.68 and 
5.69 and Q is the heat transfer (kW).  Figure 5.23 shows the UA of the evaporator for three operating conditions and 
at a range of evaporator exit quality/superheat.  Each series consists of data taken from steady-state operation.  The 
manual expansion valve was opened or closed slightly between each data point, decreasing of increasing the exit 
quality or superheat.  All data was taken from the system depicted in figure 1 with the IHX removed when 
necessary.   
In all operating conditions tested, the evaporator performance (UA) decreases as the superheat increases for 
all configurations.  With an IHX it is possible to operate the system at lower evaporator exit qualities without 
flooding the compressor.  Lower evaporator exit qualities reduce losses due to maldistribution within the evaporator.  
Decreasing the overall refrigerant quality at the exit increases the likelihood that every plate and each pass within 
the evaporator is fully wetted.  Different passes may have different mass / heat fluxes, and require different amounts 
of liquid to remain fully wetted.  If there is more liquid refrigerant available (lower inlet quality) the usefulness of all 
evaporator surface area is maximized. 
 96 
 
Figure 5.23 UA values for the evaporator at I0 (top), M01 (middle), and H01 (bottom) with no IHX, 1.0m, 1.5m, 
and a 2 X 1.5m in parallel. 
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Figure 5.24 UA values for the condenser at I0 (top), M01 (middle), and H01 (bottom) with no IHX, 1.0m, 1.5m, 
and a 2 X 1.5m in parallel. 
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Any extra liquid not used in the evaporator helps to cool the liquid line within the IHX and decrease the 
evaporator inlet quality.  In this way, the refrigerating effect of the liquid refrigerant was not lost, but recycled by 
reducing the inlet quality of the evaporator.    
At M01 and H01, the evaporator inlet relatively humidity is higher than at I0.  Additionally, the higher 
compressor speeds induce a greater refrigerant mass flow rate / mass flux.  Consequently the air side and refrigerant 
side heat transfer coefficients increase leading to an overall increase in UA at M01 and H01.  This is the primary 
reason for an increase in total cooling capacity (sensible plus latent) for all configurations as one progresses from I0 
to M01 to H01.   
The condenser UA values are plotted against compressor inlet superheat (figure 5.24) to capture the general 
performance of the condenser for all configurations on a similar basis.  This condenser is multipass and crossflow 
with the refrigerant changing from a superheated gas to 2-phase to sub cooled liquid.  With a highly superheated 
inlet and subcooled outlet, the absolute value of UA does not perfectly characterize the condenser performance since 
the total heat transfer is not very sensitive to the difference in inlet and outlet refrigerant temperatures.  For this 
reason, an increase in inlet superheat tends to decrease condenser UA.  What is important is the same trend is 
present in each series and the IHX has not significantly altered the performance of the condenser.  Essentially, the 
IHX increases the condenser inlet superheat over a no IHX system.  Figure 5.24 shows the IHX may increase or 
decrease condenser UA value. 
The next component to examine is the compressor.  In Figures 5.25, 5.26, and 5.27, the isentropic 
efficiency, as defined in equation 5.64, is shown for all IHX configurations and all three operating conditions.  The 
IHX does not have an obvious influence on the isentropic efficiency that is consistent at all three operating 
conditions.   In figure 5.25, the system without an IHX seems to benefit at I0.  In figure 5.26 (condition M01), the 
system with a 1.5m IHX seems to have higher compressor efficiencies than the other systems.  In figure 5.27 
(conditions H01), all four configurations seem to follow the same trend. 
5.4.4 Impact of IHX on entire cycle 
To better understand the cycle changes with an IHX, several characteristics of the cycle should be noted.  
The specific volume at the compressor inlet increases as evaporating pressure decreases (valve closes) as Table 5.15 
shows.  This is due to a decrease in evaporating pressure that is partially counterbalanced by a decrease in suction 
line pressure drop and a decrease in IHX heat transfer.  Since the compressor has a fixed volumetric displacement 
for a given speed, the mass flow rate decreases (Table 5.15).   
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The evaporator inlet specific enthalpy decreases and outlet specific enthalpy increases, increasing the 
specific capacity of the evaporator (figure 5.28).  The overall cooling capacity of the system is a product of mass 
flow rate and specific enthalpy change.  Therefore, since one increases and the other decreases, the overall cooling 
capacity will reach a peak value.  As figures 5.19 – 5.21 show, the cooling capacity goes up initially, reaches a peak, 
and then decreases.  The compressor work decreases as the expansion valve closes (figure 5.29).  Since COP is the 
ratio of cooling capacity to compressor work, the maximum COP will always be at a slightly higher evaporator 
outlet quality / superheat than the maximum cooling capacity.  At a minimum, the maximum COP and cooling 
capacity will be at identical qualities / superheats for minimized sub-cooling in the condenser. 
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Figure 5.25 Compressor efficiency of scroll versus pressure ratio (Pdischarge/Psuction) at I0 (lowest compressor 
speed=1300 rpm).  The system without an IHX seems to increase the compressor efficiency over systems with 
an IHX.  However, this trend is not followed at the other operating conditions. 
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Figure 5.26 Compressor efficiency of scroll versus pressure ratio (Pdischarge/Psuction) at M01 (medium 
compressor speed=2465 rpm).  The system with a 1.5m IHX has higher compressor efficiencies than the other 
systems.  However, this trend is not followed at the other operating conditions. 
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Figure 5.27 Compressor efficiency of scroll versus pressure ratio (Pdischarge/Psuction) at H01 (high compressor 
speed=4105rpm).  All four configurations follow the same trend. 
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Table 5.15  Specific volume (m3/kg) at compressor inlet for H01 with no IHX and a 2X1.5m IHX.  The point 
protectors refer to figures 5.27 and 5.28 for no IHX, 5.29 and 5.30 fro 1.0m IHX, 5.31 and 5.32 for 1.5m IHX, 
and 5.33 and 5.34 for the 2X1.5m IHX.  For each IHX, the expansion valve closes from square to diamond to 




Square Diamond Triangle X 
Specific volume 
(m3/kg) 
No IHX 0.0785 0.0849 0.0942 0.111 
Mass flow 
rate(kg/s) 
No IHX 71.4 65.5 59.5 49.9 
Specific volume 
(m3/kg) 
1.0m IHX 0.0822 0.0869 0.0962 0.1024 
Mass flow 
rate(kg/s) 
1.0m IHX 62.2 58.7 52.7 49.0 
Specific volume 
(m3/kg) 
1.5m IHX 0.0884 0.1013 0.1053 0.1246 
Mass flow 
rate(kg/s) 
1.5m IHX 59.0 51.7 49.5 40.6 
Specific volume 
(m3/kg) 
2X1.5m IHX 0.0715 0.0826 0.0924 0.1126 
Mass flow 
rate(kg/s) 
2X1.5m IHX 74.3 64.4 57.0 45.5 
 
The system benefits documented in section 5.4.1 are probably due to an increase in evaporator performance 
and an improvement in the thermodynamic cycle.  Figures 5.30 and 5.31 shows the progression of the 
thermodynamic cycle in p-h and t-h coordinates, respectively, for condition H01 with no IHX.  The four series show 
how the cycles change as the expansion valve is closed.  In figure 5.31, the evaporator outlet temperature (point 1) is 
shown to be under the dome and at a higher temperature than the inlet, suggesting the evaporating pressure 
increased.  
Figure 5.30 and all subsequent T-h diagrams show the refrigerant temperature as measured by a 
thermocouple at the evaporator outlet.  In reality, the maldistribution within the evaporator causes the refrigerant 
moving past the thermocouple to be a poorly mixed flow of liquid and superheated vapor.  Depending on the flow 
pattern at each particular condition the thermocouple will measure somewhere between the superheated vapor’s and 
the liquid’s temperature.   
Maximum cooling capacity occurs with an evaporator exit quality of 0.95 (series with diamond point 
protectors) and maximum COP at an evaporator exit quality of 0.99 (series with triangle point protectors).  Note 
how the condensing pressure and evaporating pressure decrease as the valve is closed.  The percentage decrease in 
the condensing pressure is smaller than the percentage decrease in the evaporating pressure.  Therefore, the pressure 
ratio always increases as the expansion valve closes.  Figures 5.32 and 5.33 show the P-h and T-h diagram for the 
1.0m IHX.  Note the high pressure drop between points 1 and 1a.  Also, subcooling at the condenser exit is 
excessive.  This causes the condenser and evaporator pressures to slightly increase instead of decrease as the valve 




Figure 5.28 Specific enthalpy change within evaporator (DHev) always increases as the expansion valve closes 
(quality / superheat increases).  Also, the system with the 2X1.5m IHX has the greatest enthalpy change within 
the evaporator. 
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Figure 5.29 Compressor work (kW) for all IHX’s and test conditions.  With the exception of the problematic 
data, compressor work always decreases as the expansion valve closes (quality / superheat increases). 
Figures 5.36 and 5.37 show the progression of the thermodynamic cycle for condition H01 with a 2X1.5m 
IHX.  Maximum cooling capacity and COP occurred with an evaporator exit quality of 1.00 (series with triangle 
point protectors).  Note how the condensing pressure and evaporating pressure decrease as the valve is closed, just 
like without an IHX.  Now the evaporator inlet enthalpy starts much lower and tends to increase as the valve closes, 
instead of decrease.  At the much lower enthalpy, a lower quality is possible and a reduction in pressure drop within 
the evaporator results.  This is a noticeable difference, but the impact on performance is negligible.   
Figures 5.38 and 5.39 compare the p-h and t-h cycles for the maximum cooling capacity of the 2X1.5m 
IHX and no IHX systems.  The decrease in evaporator pressure drop is now obvious.  With an IHX, the compressor 
inlet enthalpy is much greater, so the compression occurs along steeper isentropes.  Therefore, for constant 
compressor efficiency, mass flowrate, compressor inlet and outlet pressures, a reduction in work occurs.   
The 2X1.5m IHX has much greater cooling capacity (13.3%, Table 5.9) due to an increase in specific 
cooling capacity (point 1 minus point 4) without a corresponding decrease in mass flow rate (See Table 5.15).  Note 
the significant increase in pressure drop from 1 to 1a (Table 5.11).  This is due to the changes in the suction line to 
accommodate the 2X1.5m IHX.  Also note in table 5.11, either the 1.0m or 1.5m IHX have a higher suction line 
pressure drop. 
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Figure 5.30 P-h diagram at condition H01 for system with no IHX. 1 is evaporator exit, 1a is compressor inlet, 2 
is compressor discharge, 3 is condenser outlet, and 4 is evaporator inlet.  Arrows indicate the direction of 
movement as the manual valve closes. 
 
Figure 5.31 T-h diagram at condition H01 for system with no IHX. 1 is evaporator exit, 1a is compressor inlet, 2 
is compressor discharge, 3 is condenser outlet and 4 is evaporator inlet.  Arrows indicate the direction of 
















































Figure 5.32 P-h diagram at condition H01 for system with a 1.0m IHX. 1 is evaporator exit, 1a is compressor 
inlet, 2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 4 is  evaporator inlet.  
Arrows indicate the direction of movement as the manual valve closes. 
 
Figure 5.33 T-h diagram at condition H01 for system with 1.0m IHX. 1 is evaporator exit, 1a is compressor inlet, 
2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 4 is evaporator inlet.  


















































Figure 5.34 P-h diagram at condition H01 for system with a 1.5m IHX. 1 is evaporator exit, 1a is compressor 
inlet, 2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 4 is evaporator inlet.  
Arrows indicate the direction of movement as the manual valve closes. 
 
Figure 5.35 T-h diagram at condition H01 for system with a 1.5m IHX. 1 is evaporator exit, 1a is compressor 
inlet, 2 is compressor discharge, 3 is condenser outlet, 3 is condenser outlet, 3a is IHX high pressure outlet, and 4 



















































Figure 5.36 P-h diagram at condition H01 for system with 2X1.5m IHX. 1 is evaporator exit / IHX low pressure 
inlet, 1a is compressor inlet, 2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 
4 is evaporator inlet.    Arrows indicate the direction of movement as the manual valve closes. 
 
Figure 5.37 T-h diagram at condition H01 for system with 2X1.5m IHX. 1 is  evaporator exit / IHX low pressure 
inlet, 1a is compressor inlet, 2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 



















































Figure 5.38 P-h diagram comparing maximum cooling capacity at condition H01 for 2X1.5m IHX (diamonds) 
and no IHX (squares) with maximum cooling capacity.  1 is evaporator exit / IHX low pressure inlet, 1a is 
compressor inlet, 2 is compressor discharge, 3 is condenser outlet, 3a is IHX high pressure outlet, and 4 is 
evaporator inlet. 
 
Figure 5.39 T-h diagram at condition H01 for the 2X1.5m IHX (diamonds) and no IHX (squares) with maximum 
cooling capacity.  1 is  evaporator exit/ IHX low pressure inlet, 1a is compressor inlet, 2 is compressor discharge, 


















































Chapter 6: R-134A Mac Evaporators: Brazed Plate and Microchannel 
Three different evaporators were explored.  The first or “baseline” evaporator utilized a brazed plate and 
louvered fin design.  This had a single slab with four refrigerant passes.  The other two are prototype versions that 
utilize a microchannel (extruded tube) in place of the brazed plate.  The two versions, named Microchannel I and II, 
both used 2 slabs of the same microchannel tubes and airside fins, but differed in their circuiting.  Microchannel II 
used a distributor within each header to promote better distribution between the tubes in each pass.  See appendix 
A.3 for a more complete description of each evaporator. 
Each evaporator was examined as a component within the MAC system described in figure 6.1.  At each 
test condition (I0, M01, and H01) the manual expansion valve was opened and closed to vary the system’s 
refrigerant flow rate.  The impact of these changes on the evaporator and system performance were studied.  All 
three conditions have high evaporator heat load due to a high inlet temperature, high airflow rate, and/or a high 
relative humidity/latent load.  Refer to figure 1.1 for a description of each test condition.  They simulate realistic pull 
down conditions at three vehicle speeds: idling (I0), medium speed (M01), and high speed (H01).  These conditions 
were chosen to facilitate a comparison at the evaporator’s maximum performance where it is needed most (pull 
down). 
Be aware that the variables shown in the following figures are not the only ones changing.  For example, if 
cooling capacity (Q) is plotted against superheat, it does not mean that Q is solely a function of superheat.  The 
refrigerant mass flow rate, pressure ratio (Pdischarge/Psuction), and other variables also change at each data point.  
From this data, it is difficult to quantify the effect of each variable separately, but to only observe the evaporator 
performance as the valve opens and closes.   
 
Figure 6.1 Schematic of the experimental system.  Each evaporator was tested with microchannel I condenser, 
scroll compressor, 2X1.5m IHX, a high pressure receiver and a manual expansion valve.  See Appendix A for 
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6.1 Evaporator performance: pressure drop  
The refrigerant side pressure drop at each operating condition (I0, M01, and H01) is presented in figures 
6.2 – 6.4, respectively.  A few tests were allowed to run without controlling the subcooling in the condenser.  
Orange (shaded) labels mark these data points in all the figures and graphs that follow.  The receiver was undersized 
for some configurations and overflowed, allowing liquid to backup into the condenser and become excessively sub-
cooled. 
Comparing at similar system operating conditions shows the realistic component performance with all of 
the system interactions.  The Brazed plate evaporator has the highest pressure drop, while Microchannel II has the 
lowest for all three conditions (I0, M01, H01).  Based on figures 6.2 through 6.4, refrigerant mass flow rate does not 
have a strong influence on the evaporator pressure drop.  As the valve closes, the mass flow rate reduces and 
evaporating pressure drops (density decreases).  At the same time, both the inlet and outlet qualities increase, 
eventually superheating.  A decrease in pressure drop due to a lower mass flow rate is mostly balanced by an 
increase in the amount of vapor flowing in the evaporator passages (quality increases).   
To characterize the evaporator’s pressure drop better, equation 6.1 defines a parameter that accounts for 

































m is the mass flow rate in grams/sec, lr is the liquid density at evaporator inlet pressure (kg/m
3), and vr  is the 








  6.2 
inx is the refrigerant quality at the evaporator inlet and outx is the refrigerant quality at the evaporator exit.  When 
the exit is superheated, outx remains 1.00. 
Table 6.1 Linear fit parameters from figure 6.5 of the form bXCDP evaporator += * .  DP is the pressure 
drop (kPa) and X  is the parameter defined in equation 6.1.  Slope ( evaporatorC ), y-intercept (b), and the R
2 value 
are calculated for each series and summarized below. 
Evaporator type evaporatorC   y-intercept (b) R
2 
Brazed plate 1.50 6.72 .9987 
Microchannel I .778 4.44 .9910 
Microchannel II .456 4.16 .9963 
 
This parameter is plotted versus pressure drop in figure 6.5 for all three operating conditions (I0, M01, 
H01).  A linear function is then fit to each series and table 6.1 summarizes the results.  Tables 6.2 - 6.4 summarize 
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the pressure drop data for each evaporator at each condition.  Now, the pressure drop in the Brazed plate is 
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Figure 6.4 Comparison of evaporator refrigerant side pressure drop at condition H01.  








































Figure 6.5 Comparison of evaporator refrigerant side pressure drop at all three operating conditions (I0, M01, 
H01).  The X-axis values are calculated from equation 6.1.  Table 6.1 summarizes the coefficients describing the 
linear fit of each series. 
 113 
Table 6.2 Pressure drop data for each evaporator at condition I0.  Pressure drop and mass flow rate are plotted in 















24.6 35.5 0.12 0.73 11.47 
23.4 33.1 0.12 0.80 11.08 
23.0 31.5 0.13 0.85 10.84 
22.5 29.6 0.18 0.95 11.11 
Brazed plate 
20.2 25.1 0.23 10 9.34 
13.3 36.5 0.13 0.70 10.92 
12.7 34.0 0.14 0.76 10.48 
12.0 31.1 0.17 0.86 10.37 
11.9 26.6 0.28 4 10.27 
Microchannel I 
11.0 22.6 0.32 16 8.91 
9.3 35.2 0.13 0.68 10.40 
8.9 32.6 0.14 0.75 9.95 
8.6 30.2 0.16 0.83 9.75 
8.3 26.4 0.25 1.00 9.76 
8.1 23.1 0.30 20 9.12 
Microchannel II 
7.9 21.3 0.34 22 8.60 
Table 6.3 Pressure drop data for each evaporator at condition M01.  Pressure drop and mass flow rate are plotted 















59.5 59.4 0.09 0.81 34.42 
57.3 56.4 0.10 0.87 33.40 
55.4 53.2 0.11 0.93 32.67 
55.4 48.1 0.17 8 32.39 
52.1 41.5 0.21 22 30.04 
Brazed plate 
56.3 47.9 0.17 12 32.86 
32.1 62.1 0.09 0.79 34.42 
29.3 55.2 0.10 0.88 31.71 
27.9 51.2 0.12 0.94 30.40 
27.8 45.5 0.19 10 29.67 
Microchannel I 
27.3 42.9 0.20 14 28.74 
19.7 60.1 0.11 0.78 32.70 
18.3 53.9 0.15 0.87 31.38 
17.6 46.6 0.22 1.00 30.21 
17.4 39.2 0.30 22 29.11 
Microchannel II 
15.9 32.9 0.32 30 25.24 
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Table 6.4 Pressure drop data for each evaporator at condition H01.  Pressure drop and mass flow rate are plotted 















83.9 74.3 0.10 0.71 50.98 
80.6 69.1 0.11 0.77 48.89 
77.8 64.4 0.13 0.85 48.19 
76.8 62.2 0.14 0.89 47.76 
77.3 57.0 0.20 1.00 47.97 
78.4 49.8 0.26 18 47.00 
Brazed plate 
74.9 45.5 0.28 24 44.86 
39.1 68.8 0.11 0.80 38.86 
38.2 65.1 0.14 0.85 42.24 
39.9 62.1 0.15 0.89 44.53 
36.9 57.3 0.19 0.97 44.04 
39.2 49.2 0.26 16 45.59 
Microchannel I 
36.7 44.1 0.28 20 46.03 
27.4 75.1 0.11 0.71 49.87 
25.5 68.6 0.12 0.77 46.51 
24.3 63.5 0.13 0.83 45.07 
23.4 56.7 0.17 0.93 43.78 
23.4 49.3 0.26 10 43.92 
24.1 44.4 0.30 24 42.92 
Microchannel II 
23.4 41.4 0.31 28 40.75 
 
Another property to compare is the airside pressure drop.  At each test condition, the mass airflow rate, the 
inlet air temperature and the inlet humidity are all held constant.  As figure 6.6 shows, this leads to a nearly constant 
face velocity.  The primary difference between the Brazed plate and Microchannel evaporator face velocities is due 
to the different face areas (See Appendix A, table A.3).  A set of adiabatic dry coil data for the Brazed plate was 
discussed by Boewe [1999].  It provides an approximate lower limit for airside pressure drop.  Note that most data is 
equal to or above this line, as it logically should be. 
A set of dry coil data is also shown for Microchannel II.  Its average pressure drop is 166 Pa.  Note that all 
other data, all wet coil, for Microchannel I or II is higher than 166 Pa, as expected. 
Figures 6.8 - 6.10 break down figure 6.7 by each operating condition.  Note in figure 6.9 that the Brazed 
plate data (black triangles) is from a similar but not identical system.  Data from the identical system at M01 was 
invalid.  The only difference between the systems is that a 1.5m internal heat exchanger (IHX) was used in place of 


























Brazed plate dry coil
Microchannel I
Microchannel II
Microchannel II -dry coil
 
Figure 6.6 Comparison of airside pressure drop for each evaporator.  Face velocity was nearly constant for all 
runs. 
The brazed plate evaporator has a lower airside pressure drop than either Microchannel I or II.  Even 
though the data set is small, the difference in pressure drop seems to grow as the condensate rate increases.  For the 
dry coil data, a slightly smaller face velocity (2.7 m/s versus 2.9m/s for brazed plate) generates a nearly identical 
pressure drop ~164 Pa (see figure 6.6).  As the condensate rate increases, the difference grows to as much as 212 Pa 
versus 254 Pa at 1.9 g/s. 
The airside pressure drop on the microchannel evaporators has been modeled.  Jiamin Yin of the University 
of Illinois Air conditioning Research Center (ACRC) prepared the model.  It shows a good correlation for a range of 



























Brazed plate dry coil data
 at 2.9 m/s face velocity
Average of Microchannel II dry 
coil data at 2.7 m/s face velocity
 
Figure 6.7 Comparison of condensate rate and pressure drop relationship for all three evaporators at a nearly 


























































Figure 6.9 Comparison of evaporator air side pressure drop at condition M01.  Data from a similar configuration 




























Figure 6.10 Comparison of evaporator air side pressure drop at condition H01.   
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Figure 6.11 Comparis on of predicted to measured evaporator air side pressure drop for Microchannel I and II, 
wet coil data.  Most data falls within a +/- 20% error band. 
6.2 Effect of evaporator exit condition on system performance 
Graphs 6.12 through 6.14 show the effect of exit condition (quality or superheat) on cooling capacity.  Note 
that cooling capacity is a consequence of the entire system performance, not just the evaporator.  To minimize the 
influence of the other system components, the evaporator is the only component to change between each system.  
See figure 6.1 for more information on the other system components.   
Most series show an increase in both cooling capacity and COP with increasing quality at the evaporator 
exit.  Microchannel II actually decreases slightly at M01 and H01 as quality increases.  Most likely, this is due to 
poor refrigerant distribution within the evaporator at the higher refrigerant mass flow rates.  Once some superheat is 
created, both capacity and COP begin to decline.   
From these data, optimal system performance is most often generated when the evaporator exit is saturated 
(0.95-1.00 quality).  There is no enhancement to COP and little or no enhancement to cooling capacity to operate at 
some lower quality or with superheat.  While operating at lower exit qualities may help the refrigeration distribution 
within the evaporator, the detrimental effect of liquid carryover to the system performance usually out weighs any 
benefit to heat transfer.  A good TXV with small superheat or a valve that maintains a high exit quality from the 
evaporator may provide the best system performance. 
Maximum cooling capacity of the brazed plate is always higher than either microchannel.   This is 
augmented at conditions I0 (figure 6.12) and M01 (figure 6.13) by the excessive sub-cooling (Orange or shaded 
labels).  For these two series, the relationship between the expansion valve position (tracked with evaporator exit 






























a) Wet coil data




superheat or quality) and capacity / COP is altered.  For these series, the sub-cooling of each data point is labeled on 
the graph.  The high subcooling tends to increase cooling capacity and decrease COP. 
Condition H01 (figure 6.14) offers a better comparison, without excessive sub-cooling.  Brazed plate is still 
higher, but now it is reduced to a 2.8% increase over Microchannel I instead of a 6.8% or 5.4% increase at I0 and, 
M01 respectively.  See table 6.5 for a summary of maximum cooling capacity at each condition for each evaporator. 
Figures 6.15 through 6.20 show the system COP and thermodynamic cycle for the same test conditions.  
The brazed plate has a lower COP than either microchannel at I0 (figure 6.15) and M01 (figure 6.17), which may be 
due to the high subcooling in the condenser.  A better comparison is at H01 where excessive sub-cooling does not 
hamper the system performance.  The maximum COP for the brazed plate at H01 is 1.74, which is 4.8% higher than 
the maximum for Microchannel I.  See table 6.6 for a summary of maximum COP at each condition for each 
evaporator. 
Comparing the thermodynamic cycle for Brazed plate and Microchannel I shows the system effect of 
excessive sub-cooling.  In figures 6.16 (I0) and 6.18 (M01), two runs with nearly identical evaporator exit condition 
are compared.  1 is evaporator exit / IHX low pressure inlet, 1a is compressor inlet, 2 is compressor discharge, 3 is 
condenser outlet, 3a is IHX high pressure outlet, and 4 is evaporator inlet.  The high subcooling forces a higher 
condensing pressure/temperature, increasing the specific compressor work.  Inlet quality to the evaporator is also 
reduced. Evaporation temperature is almost identical, and mass flow rate (g/s) is close (25.2 for Brazed plate and 
26.6 for Microchannel I at I0 and 48.1 for Brazed plate and 45.7 for Microchannel I at M01).  Cooling capacity of 
Brazed plate is 5% higher at I0 (3.88 vs. 3.68) and 11.5% higher at M01 (7.65 vs. 6.86).  Since the evaporation 
temperature and exit conditions are close, it is likely that the heat transfer of the Brazed plate is superior to the 
Microchannel.  The decrease in COP is probably due to the high sub-cooling and the ensuing high condensing 
pressure. 
At H01, both systems are sub-cooled equally and have nearly identical P-h and T-h diagrams (figure 6.20).  
There are a couple slight differences in evaporating and condensing pressures/temperatures.  These result in a slight 
drop in cooling capacity for Microchannel I: 8.10 kW vs. 8.33 kW.  COP is slightly lower for Microchannel I (1.66 
vs. 1.74).  These results are very close, but they do indicate Brazed plate is  slightly superior. 
Table 6.5 Maximum cooling capacity (kW) for each system at each operating condition. 
 I0 M01 H01 
Brazed plate 4.13 7.65 8.33 
Microchannel I 3.85 7.24 8.10 
Microchannel II 3.79 6.99 7.89 
Table 6.6  Maximum COP for each system at each operating condition. 
 I0 M01 H01 
Brazed plate 1.87 2.07 1.74 
Microchannel I 1.95 2.28 1.66 
Microchannel II 1.98 2.28 1.63 
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The performance of Microchannel II and I are similar.  Microchannel I produces a slightly higher cooling 
capacity, but the difference is small.  The cooling capacity and COP are less sensitive to an increase in evaporator 
superheat for Microchannel II than for Microchannel I.  The most increase in cooling capacity due to this effect is at 
~15° C superheat at I0.  Here, Microchannel II has 12.5% greater cooling capacity than Microchannel I.  The most 
benefit to COP is also seen at condition I0 where Microchannel II has 10.5% greater COP than Microchannel I at 
~15° C superheat. 
Typically, refrigerant or air side pressure drop within the evaporator cannot be categorized as purely 
beneficial or detrimental to the system performance.  An increase in pressure drop, if caused by an increase in local 
velocity/turbulence also increases local heat transfer coefficients.  As pressure drop increases, overall heat transfer 
increases.  The net effect may be an increase or decrease in system performance. 
From figure 6.5 and figure 6.7, the Brazed plate has a much higher refrigerant side pressure drop and a 
lower air side pressure drop.  Overall, Brazed plate has a slightly better system performance, as measured by cooling 
capacity and COP.  A simple suggestion to improve either Microchannel design is to increase the refrigerant side 
pressure drop by using a slightly smaller microchannel port diameter or , while maintaining all other design 
parameters constant.  This will increase refrigerant side local heat transfer coefficients.  It may increase the overall 
cooling capacity to match the Brazed plate without decreasing COP below the Brazed plate’s values. 
































20° C 40° C
0° C
6.7 °C 10.3 °C 12.9 °C 17.9 °C 21.6 °C
 
Figure 6.12 Effect of exit quality on the system cooling capacity for the three evaporators examined at I0.  The 
brazed plate has the highest cooling capacity, due in part to the excessive condenser exit sub-cooling.  All other 
data points have less than 8.9° C sub-cooling.  The labels identify, by data point, the measured sub-cooling for 
the Brazed plate.   
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29.5 °C
 
Figure 6.13 Effect of exit quality on the system cooling capacity for the three evaporators examined at M01.  The 
brazed plate has the best performance.  The brazed plate has the highest cooling capacity, due in part to the 
excessive condenser exit sub-cooling.  The labels identify, by data point, the measured sub-cooling for the 
Brazed plate.  All other data points have less than 4.7° C sub-cooling. 






































Figure 6.14 Effect of exit quality on the system cooling capacity for the three evaporators examined at H01.  The 
brazed plate and Microchannel I have similar performance.  Brazed plate has slightly higher cooling capacity.  
Microchannel II is less sensitive to exit quality / superheat and has nearly the same cooling capacity at high 
superheat.  All data points have less than 4.8° C sub-cooling at the condenser exit. 
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Figure 6.15 Comparison of system COP at condition IO with each evaporator.  Due to the excessive sub-cooling, 
the brazed plate falls below microchannel I and II.  The labels identify, but data point, the measured sub-cooling 
for the Brazed plate.  All other data points have less than 8.9° C sub-cooling.  Microchannel II is less sensitive to 
exit quality / superheat. 
 
Figure 6.16. Comparison of system P-h (left) and T-h (right) diagrams at I0 for similar evaporator exit 
conditions.  The system with the Brazed plate evaporator has a solid line with square point protectors.  
Microchannel I has a dashed line and triangles.  The primary difference is a higher condensing pressure for the 
Brazed plate evaporator.  This causes an increase in cooling capacity and a decrease in COP.  A and B show 
which points of figure 6.15 are shown in figure 6.16. 







































































Figure 6.17 Comparison of system COP at condition M01 with each evaporator.  Due to the excessive sub-
cooling, the brazed plate falls below microchannel I and II.  The labels identify, by data point, the measured sub-
cooling for the Brazed plate.  All other data points have less than 4.7° C sub-cooling. 
 
Figure 6.18. Comparison of system P-h (left) and T-h (right) diagrams at M01 for similar evaporator exit 
conditions.  The system with the Brazed plate evaporator has a solid line with square point protectors.  
Microchannel I has a dashed line with triangles.  The primary difference is a higher condensing pressure for the 
Brazed plate evaporator.  This causes an increase in cooling capacity and a decrease in COP.  C and D indicate 
which points of figure 6.17 are shown in figure 6.18. 






































































Figure 6.19 Comparison of system COP at condition H01 with each evaporator.  The brazed plate generates a 
higher COP than either Microchannel I or II.  All data points have less than 4.8° C sub-cooling. 
 
Figure 6.20. Comparison of system P-h (left) and T-h (right) diagrams at H01 for similar evaporator exit 
conditions.  The system with the Brazed plate evaporator has a solid line with square point protectors.  
Microchannel I has a dashed line and triangles.  Unlike figures 6.18 and 6.16, the cycles are nearly identical.  
The Brazed plate has a slightly higher cooling capacity and COP.  E and F indicate which points of figure 6.19 
are shown in figure 6.20. 




































































Chapter 7: Conclusions and Recommendations 
7.1 Conclusions 
The primary objective of this work was to experimentally validate the contribution of several new 
components to a baseline R134a mobile air conditioning system.  These components included a compressor, two 
condensers, three internal heat exchangers (IHX), and two evaporators.  Both condenser’s showed as much as a 20% 
increase in COP and 9.5% increase in the system cooling capacity.  The 2X1.5m IHX’ers showed as much as a 13% 
increase in system cooling capacity and 12% increase in COP in a system that had already been improved with a 
microchannel condenser.  The scroll compressor did not show a system improvement over the reciprocating baseline 
in non-cycling operation.  However, it did show an increase in component efficiencies.  This conflict is probably due 
to an installation issue which increased the pressure drop within the suction line.  During cycling operation, as much 
as a 40% increase in COP and 7% increase in system cooling capacity was recorded.  Both microchannel 
evaporators performed similarly to the baseline evaporator with cooling capacity decreasing 6.1%, and COP 
increasing 3.2% on average. 
Overall, the best system tested consisted of the following components: scroll compressor, Microchannel I 
condenser, Microchannel I evaporator, manual expansion valve, 2X1.5m IHX and a high side receiver.  This system 
provided an average increase of 14.3% in cooling capacity and 10.6% in COP at the three key test conditions (I0, 
M01, and H01).  However, this is not the best configuration possible.  The baseline evaporator was slightly better 
than either Microchannel evaporator.  Resolving the installation issue with the scroll compressor would show a 
significant increase in non-cycling system performance.  This combination of components would show the best 
overall performance. 
Two finite difference models were developed to help lay the groundwork for future system models.  The 
first was for a single pass coaxial IHX.  The second was for a multi-pass microchannel condenser.  Both models 
successfully predicted heat transfer within a few percent of the measured data.   
In chapter 5, a new method of optimizing or selecting an appropriately sized IHX was developed.  This 
isolates the two most important factors of IHX performance and shows their impact on system performance through 
a simplified system model.  The system engineer can then decide what component performance is needed to meet 
system performance goals. 
7.2 Recommendations 
The component that holds the most promise for future benefit to MAC system performance is the IHX.  
The component tested here was strictly for proof of concept and was impractical for incorporation in an actual 
vehicle.  Utilizing the IHX model described in chapter 5, one could develop new and far more compact designs.  
Ideally, one could incorporate an IHX as an integral part of the suction and liquid lines without adding significant 
weight or complexity to the existing MAC system.   
More work is also needed to develop microchannel evaporators for R-134a.  The baseline and 
microchannel evaporators had nearly identical volumes and airside areas.  The Microchannel designs should be 
more thoroughly investigated to show why their performance fell short.  It could be several issues including 
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refrigerant distribution/dry out of individual ports.  Now, there are microchannel tubes with communication between 
individual ports that may solve such a problem. 
This system cycled the compressor on and off to control excess cooling capacity and prevent freeze-up on 
the evaporator.  A real system needs its full cooling capacity during pull down conditions.  Depending on the 
vehicle’s usage, only a small part of the system’s operating time may be at full cooling capacity.  Studying more 
efficient ways of controlling excess capacity could significantly reduce the overall energy consumption.   
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Appendix A: Mobile Air Conditioning System Components 
During the course of this work, a new component replaced every available one in the baseline system.  The 
baseline system is from the Ford Escort, a compact car.  Each new component was introduced one by one to see its 
impact on the overall system performance.  Also, each new component was of similar size and/or capacity as the 
baseline one it replaced.  Therefore, any difference in system performance is due to the quality of the component, 
not a difference in size. 
One exception is the internal heat exchanger (suction – liquid line).  It has not been optimized for 
compactness, cost, weight, or reliability and was not present in the baseline system.  Its contribution is to show the 
potential benefit of modifying the system in this way.   
A.1 Compressors 
Two compressors were used in this research.  Both are relatively small open compressors designed for 
R134a mobile air conditioning.  Table A.1 compares the relevant characteristics and figure A.1 shows each 
compressor. 
Table A.1 Compressor comparison 
Compressor type Reciprocating (Baseline) Scroll 
Size (LxWxH) (mm) 191x159x133 194x159x130 
Weight (kg) 5.47 4.18 
Suction displacement 
Per revolution (cc) 
155 85.9 
Description 10 piston, fixed 
displacement, swash plate 
Valve on discharge port, no 
radial or axial compliance 
Manufacturer Ford Ford / Sanden 
 
A.2 Condensers 
Three different condensers were used during this research.  All three had similar face areas and depths and 
are shown in figure A.2.  The baseline condenser is an aluminum wavy fin and round tube heat exchanger with two 
sets of tubes, one upstream and one downstream in the airflow.  Refrigerant passes across the condenser in the 
upstream tubes, and then each tube bends 180° to come back on the downstream side.  Once back across, the 
refrigerant passes through a header to the next lower set of tubes on the downstream side.  Then, refrigerant passes 
across the condenser in the downstream tubes, and returning on the upstream side.  The number of tubes in each pass 
can only change if the refrigerant passes through a header on its way to the next lower set of tubes.  Each number in 
the circuiting described in table A.2 is the number of tubes that complete an upstream to downstream circuit.  Each 
dash represents a header. 
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Figure A.1 Reciprocating compressor on left, scroll compressor on right 
Table A.2 Comparison of characteristic sizes and dimensions of all condensers tested. 
Type Baseline (round tube) Microchannel I Microchannel II 
Face Area (m2) 0.196 0.199 0.195 
Depth (mm) 22 24.1 20 
Volume (m3) 4.32X10-3 4.80 X 10-3 3.91 X 10-3 
Circuiting -4-4-3-3-3-2-2- -12-8-6-5-4- -29-7- 
Fin pitch (mm) 1.27 1.20 1.15 
Fin Height (mm) Continuous 8.1 7.9 
Louver angle 
(degrees) 
N/A 23 ? 
Louver pitch (mm) N/A 0.7 0.9 
Louver height (mm) N/A 6.30 7.75 
Airside heat transfer 
area (m2) 
7.20 7.01 5.09 
Tube pitch (mm) 17.5 10.1 9.75 
Tube major diameter 
(mm) 
6.35 20.16 16.0 
Refrigerant side heat 
transfer area (m2) 
0.40 1.04 N/A 
Weight (kg) 1.75 2.53 2.11 




Figure A.2 Picture of all three condensers. 
The primary difference between the baseline and microchannel condenser is the microchannel tubes.  These 
allow greater heat transfer area while maintaining about the same package volume.  Both microchannel condensers 
are aluminum with louvered fins and are described in table A.2.  Microchannel I and II have similar face areas, but 
Microchannel II has a smaller depth.  Most of the experimental data is with Microchannel I.   
A.3 Evaporators 
Three different evaporators with similar package volumes were used during this research.  The baseline 
evaporator is a brazed aluminum plate (drawn dup, laminated).  It is described in table A.3 and show in figure A.3 
and A.4.  All evaporators use louvered fins to increase airside heat transfer area.  The primary difference between 
the baseline and microchannel evaporators is the different tubes and the use of two slabs instead of one.  The 
extruded microchannel tubes allow greater heat transfer area while maintaining about the same package volume.  
Two slabs give more freedom to change the circuiting.  Figure A.4 depicts the different circuiting in each 
evaporator.  Note the circuiting differences and distributor present in Microchannel II versus I. 
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Table A.3 Evaporator comparison 
Type Brazed plate (baseline) Microchannel I and II 
Face Area (m2) 0.0413 0.0443 
Core Depth (mm) 92 106 
Height (mm) 212 241 
Core Volume (m3) 0.00380 0.00611 
Fin pitch (mm) 1.8 1.5 
Louver Angle N/A 30 
Finned depth 87 42 
Fin height  (mm) 9.2 8.8 
Airside heat transfer Area (m2) 4.09 4.188 
Refrigerant side heat transfer 
area (m2) 
0.55 1.627 
Number of tubes / plates 17 40 
Other 1 set of plates 2 sets of tubes 




Figure A.3 Baseline and Microchannel evaporators 
 
Baseline (brazed plate) Microchannel I 
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Figure A.4 Circuiting in each evaporator.  Airflow is out of paper, first through the upstream slab, then through 
the downstream slab.  A 5mm air gap separates the upstream and downstream slabs. 






Brazed plate  
(baseline) 
(1 slab, 4 passes) 
1st  - 5 plates 
2nd – 4 plates 
3rd – 4 plates 
4th – 4 plates 
 
Microchannel I  
(V 9/11) 
(2 slabs, 4 passes) 
1st – 9 tubes 
2nd – 9 tubes 
3rd – 11 tubes 
4th – 11 tubes 
 
Microchannel II  
(CX 5-6-9) 
(2 slabs, 3 passes) 
1st – 5 tubes 
2nd – 6 tubes 
3rd – 9 tubes 
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A.4 Expansion devices  
Four expansion devices were used during this research.  In the baseline system, an orifice tube, is shown in 
figure A.5 was used.  It consists of a small diameter brass tube surrounded by a molded plastic housing.  On the inlet 
side, a screen acts as a filter to trap circulating particles.  At the exit, a screen disperses the two-phase flow and some 
studies show it reduces the noise level.   
Figure A.6 shows a picture of the thermal expansion valve (TXV).  It is a block type and regulates the 
expansion to ensure some superheat at the evaporator exit.  Figure A.7 is a schematic of a block type TXV similar to 
the one used.  High pressure liquid enters the lower opening from the right.  Then it expands past the pin and enters 
the evaporator.  From the exit of the evaporator, the refrigerant enters the upper opening from the left and exits to 
the right.  Inside the bulb, a small amount of refrigerant is brought to its saturation pressure that corresponds to the 
exit refrigerant temperature. 
At equilibrium, balancing three forces on the pin sets the valve opening.  The first force is bulb pressure 
times its area (Pbulb*Abulb).  The bulb is filled with sufficient refrigerant so that at the operating conditions, a two-
phase state is achieved.  Then, Pbulb is the saturation pressure corresponding to the refrigerant temperature at the exit.  
The second force is the pressure of the flowing refrigerant times its area (Pref*Aref).  When the exit is exactly 
saturated, Pref, Pbulb  and the two corresponding forces are equal.   Therefore, their  areas must be equal.  The third 
force, generated by the spring, determines the superheat.  For a given saturation pressure, as the spring force 
increases, so does the superheat.   
The third expansion device is an electronic expansion valve (EEV).  It senses the saturation and refrigerant 
temperature at the evaporator exit and electronically controls the expansion valve to maintain a desired superheat.  
The expansion valve, or pin, is connected to an analoid that changes its displacement in proportion to the current 
flowing through its coil.  The packaging is similar to the TXV, with the addition of an externally mounted controller.  
This controller analyses the temperature signals from the EEV and outputs a current signal to the valve to change the 
analoid displacement.  Also, since the saturation temperature is known, the controller has additional outputs to 
control the compressor clutch during cycling operation.  This reduces the need for another sensor and integrates two 








orifice tube actual length 
L =1.51 in (38.4 mm) 
inlet screen length  
LI = 1.85 in (47 mm) 
outlet screen length 
LO=0.94 in (24 mm) 
four additional outlet openings  



































inlet screen mesh outlet screen mesh 
"O" rings 
.  
Figure A.5 Orifice tube Schematic  
 
Figure A.6 Block type TXV 
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Figure A.7 Schematic of a block type TXV 
The fourth expansion device is a manually operated needle valve.  It is a HOKE® 2300 series Bar Stock 
Metering Valve.  In operation, it was used with a high side receiver, as were the TXV and EEV.  
A.5 Suction line accumulator  
In the baseline system, a suction accumulator was used in combination with a fixed orifice tube to control 
the quality / superheat at the evaporator exit and compressor inlet.  This configuration was maintained for tests of 
microchannel condenser and the scroll compressor.  Also, any extra charge not needed elsewhere in the system was 
stored in the accumulator (figure A.8a).  Figure A.9 depicts how the accumulator works.  A mixture of oil, 
refrigerant vapor and a small amount of refrigerant liquid exits from the evaporator, enters the accumulator and 
impacts the plate near the top of the accumulator.  The mixture separates and the larger droplets fall to the bottom 
while the smallest ones are entrained in the vapor.   The vapor enters the top of the U-tube and entrains some 
liquid/oil mixture that has seeped into the pipe through the small diameter oil bleed hole.  Note that even if the liquid 
level falls below the oil bleed hole, a mixture of vapor, liquid and oil will still flow into the pipe due to the pressure 
drop in the refrigerant as it flows down the vertical leg of the U-tube.   
Besides allowing some oil to return to the compressor, having liquid refrigerant exit through the oil bleed 
hole ensures the evaporator will remain flooded.  Any liquid refrigerant that flows out of the accumulator must come 
from the evaporator.  As long as there is sufficient charge in the system, the evaporator will be flooded. 
The center of the accumulator also holds a bag of desiccant to remove dissolved water from the refrigerant.  
This impacts the reliability of the entire system, but was not examined in this work (see Visteon’s SAE 2000 paper 




   A 
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Figure A.8a and b. Suction accumulator and high side receiver.  These store excess charge and control the exit 
quality from the evaporator (a) and condenser (b). 
 
Figure A.9 Schematic of accumulator 
Pressure switch to 
control cycling   
(a) suction accumulator (b) high side receiver 
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Figure A.10 Schematic of receiver 
A.6 High side receiver  
In most of the tested systems, a high side receiver was used at the exit of the condenser (see figure A.8b).  
This acts as a separator to ensure saturated liquid is sent to the internal heat exchanger or expansion valve.  Figure 
A.10 shows a schematic of how the receiver works.  Initially, a two-phase mixture exits from the condenser and 
enters the receiver.  The liquid falls to the bottom and enters the exit pipe.  If sufficient charge is available, at steady-
state operation only saturated liquid is allowed to leave.  Then, only saturated liquid can enter from the condenser 
(assuming pressure drop is small and receiver is adiabatic – both are good assumptions for most operating 
conditions).  Therefore, the high side receiver also controls the exit quality from the condenser.   
As in the accumulator, the center of the receiver holds a bag of desiccant to remove dissolved water from 
the refrigerant.  This impacts the reliability of the entire system, but was not examined in this work (see Visteon’s 
SAE 2000 paper on this issue). 
A.7 Internal heat exchanger (IHX) 
Although most mobile AC systems do not use an internal heat exchanger, one was examined here.  The 
cross-section is shown in figure A.11.  It shows a concentric tube heat exchanger (co-tube) with high pressure liquid 
from the condenser in the middle, surrounded by 3 ports for the cold fluid from the evaporator.  At each end, a 
manifold connects all 3 ports to the suction line (figure A.12).   The liquid line is the small diameter pipe that runs 
straight through the heat exchanger.  In all tests, this IHX was used in conjunction with a manual valve and a high 
side receiver.  Therefore, the inlet refrigerant on the cold side ranged from a quality of 0.7 to vapor superheated 20° 
C above the saturation temperature.  
This design was available in 3 lengths: 0.5m, 1.0m, and 1.5m.  Figure A.13 is a picture of the installation 
with the 1.5m IHX installed.  Fourth configuration was developed that used two 1.5m heat exchangers in parallel 
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(figure A.14).  By splitting the flow between two, the pressure drop is decreased and the heat transfer surface area 
doubles.  For this system, a far improved component resulted. 
 
 
Figure A.11 Internal heat exchanger cross-section.  Cold fluid flows in the outer blue area, hot fluid flows in the 
inner red area.  
 
 
Figure A.12 Picture of internal heat exchanger. 
Liquid line  




Figure A.13 A 1.5m internal heat exchanger installed in mobile system. 
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Appendix B: Test Facility Description 
The test facility is located in room 363 in the Mechanical Engineering Laboratory on the campus of the 
University of Illinois at Urbana-Champaign.  Originally completed in the Fall of 1997, some mo difications were 
made before this work began in March 1999.  The experimental phase was completed by January 2000.  Currently, 





















































Figure B.1 Schematic of test facility 
B.1 Evaporator and condenser wind tunnels 
The evaporator and condenser are each mounted in separate wind tunnels inside of environmental 
chambers.  Each component of the wind tunnels are discussed in more detail in the following section.  The 
refrigerant components are discussed in Appendix A. 
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B.1.1 Ducts 
Both wind tunnels are constructed from sheet metal ducts.  The duct sections for the evaporator wind tunnel 
are shown in Figure B.2 and described in Table B.1.  The evaporator ducts are insulated with 5 cm of Celotex foam 
sheet insulation from the air inlet to just past the nozzle.  The Celotex insulation has a rated R value of .  The duct 
sections for the condenser wind tunnel are shown in Figure B.3 and described in Table B.2.  Again, the condenser 
ducts are insulated with 5 cm of Celotex sheet insulation from the air inlet to just past the nozzle. 
B.1.2 Air straightener 
Both the evaporator and condenser wind tunnels use an air straightener to aid in getting a uniform direction 
of airflow into the heat exchanger.  The air straightener is 15 cm long and made of aluminum.  Originally 
manufactured as a lightweight structural material, the long hexagonal channels and thin aluminum sheet create little 
pressure drop while forcing a uniform direction of the air-flow.  The air straightener is located at the inlet of the 
wind tunnel before both the heat exchanger and thermocouple grid. 
B.1.3 Thermocouple grid 
A thermocouple grid is located at the inlet and exit of the heat exchanger.  The grid is made up of welded 
type T thermocouples averaged together to get a representative air temperature.  The evaporator duct is divided into 
9 equal sections with one welded thermocouple located at the center of each.  The condenser duct is divided into 27 
equal sections with one welded thermocouple located at the center of each. 
B.1.4 Nozzles 
In the evaporator, two identical nozzles are available in parallel.  Depending upon the pressure drop, one or 
both nozzles are used.  The condenser wind tunnel is equipped with one nozzle.  These nozzles are used to 
determine the air flow rate.  The nozzles for the evaporator wind tunnel have a 2.5” throat diameter.  The nozzle in 
the condenser wind tunnel has a 6.0” throat diameter.  The nozzles comply with ANSI/ASHRAE Standard 40-1986.  











nvm v'2PCAQ =  B.2 
where,  
Qm air flow rate (m
3/s) 
C nozzle discharge coefficient (0.98) 
A nozzle throat area (m2) 
Pv pressure drop across the nozzle (Pa) 
v’n  specific volu me of air at nozzle (m
3/kg) 
vn specific volume of air at dry and wet bulb temperature conditions existing at nozzle but at standard 
barometric pressure (m3/kg) 
 wm humidity ratio of air at nozzle (kg water/kg dry air) 






Figure B.2 Evaporator wind tunnel duct sections with wind tunnel components included. 
 









A Inlet duct w/flow straightener and inlet 
thermocouple grid 
50 25 23 
B Evaporator test section 30 25 23 
C Expanding section w/exit  thermocouple grid 30 - - 
D Straight section inlet to nozzle 35 30 46 
E Straight section exit of nozzle 35 30 46 
F 90o elbow section, 50 cm radius to outside edge - 30 46 
G Straight section w/heaters 45 30 46 
H 90o elbow section, 50 cm radius to outside edge, 
w/humidifier steam inlet 
- 30 46 
I Straight section 90 30 46 






Figure B.3 Condenser wind tunnel duct sections with wind tunnel components included. 









A Inlet duct w/flow straightener and inlet 
thermocouple grid 
41 71 41 
B Condenser test section made of wood 5 71 41 
C Straight section w/ air mixer and nozzle 122 71 41 
D Reducing 90o elbow section, 55 cm radius to 
outside edge 
- 71 - 
E Straight section 29 71 41 
F Expanding 90o elbow section with heaters,  
about 70 cm radius to outside edge 
- - - 
G Straight section with cooling radiator 75 91 46 
H Reducing section to 18 cm blower inlet 
diameter 
40 - - 
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The air temperature at each nozzle is measured using a single welded type T thermocouple placed in the 
center of the exiting air stream.  The pressure drop across the nozzle is measured using a Setra differential pressure 
transducer.  The evaporator nozzle pressure transducer has a range of 0 to 250 Pa, and the condenser nozzle pressure 
transducer has a range of 0 to 625 Pa. 
B.1.5 Heaters 
The inlet air temperature in each wind tunnel is maintained using strip heaters placed directly into the 
airflow (section G of figure B.2 and section F of figure B.3 for the evaporator and condenser respectively).  A SCR 
and PID control the heaters in a feedback loop with the air temp erature at the wind tunnel inlet.  The desired 
temperature is set on the PID.  In the evaporator wind tunnel, six 1.5 kW strip heaters balance the sensible load of 
the evaporator. 
In the condenser chamber, the heat added by the condenser and blower motor is removed using a cooling 
coil.  The only control on the cooling capacity of the coil is to manually change the mass flow rate of the cold fluid.  
Therefore, the cooling coil is set to remove more heat than necessary.  Three 1.5 kW strip heaters, in conjunction 
with a SCR and PID in a control loop balance the extra cooling capacity and bring the wind tunnel air inlet 
temperature back up to the test condition. 
B.1.6 Blowers 
In both wind tunnels, a Dayton high-pressure, direct-drive blower provides the airflow.  The blower sucks 
air through the duct (and all components).  For the evaporator wind tunnel, the blower has a 15.2 cm circular inlet 
and 10.2 cm x 8.9 cm rectangular exit.  The motor is a Dayton 3 phase, 1 HP motor with a maximum of 3450 rpm.  
For the condenser wind tunnel, the blower has a 17.8 cm circular inlet and a 12.7 cm x 10.2 cm rectangular exit.  
The motor is a Reliance Electric 3 phase, 5 HP motor with a maximum of 3500 rpm.  For both wind tunnels, the 
blowers are controlled using a variable frequency drive (VFD) from Cutler–Hammer (model: SV9000).  The output 
of the VFD is manually set to produce a blower speed that can produce the desired airflow rate at the duct pressure 
drop. 
B.2 Humidifier 
For the evaporator wind tunnel, the inlet humidity must be controlled and maintained.  A humidifier is 
installed outside of the chamber and steam pipes go through the chamber wall into the duct before the blower.  The 
steam pipes are insulated and configured to drain any condensed water outside of the chamber so only steam enters 
the chamber. 
The humidifier is a Standard Water “PS” Series Electric Humidifier made by Pure Humidifier Company.  
The humidifier consists of a tank with an immersion heater inside.  The tank is filled with ordinary tap water.  The 
“PS” Series utilizes a tri-probe conductive type water control system, which is designed for use with standard (hard 
or soft) tap water.  The water level is controlled using the LC-942 water level controller.  The LC-942 water level 
controller is a solid state logic controller, which controls the water level, fill, drain and safety circuit interlocks.  The 
system also includes an automatic drain cycle that is not used. 
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Figure B.4  Side view of internal components of humidifier. 
The humidifier, shown in Figure B.4, has been modified to prevent the heater in the humidifier from 
cycling on and off.  The tri-probe sensors inside the humidifier tank control the status of the humidifier.  The water 
level of the tank triggers the sensors on and off.  The top sensor (level “3”) turns the heater on and the water fill off, 
the middle sensor (level “2”) turns the water fill on, and the bottom sensor (level “1”) turns the heater off.  To 
prevent the sensor from cycling the water and heater on and off, the top sensor (level “3”) can be disabled using a 
toggle switch located on the outside of the electrical control box.  This allows the heater and water fill to remain on.  
The excess water flows out an overflow drain located at the top of the humidifier tank. 
To control the amount of steam produced by the humidifier, an additional modification has been made.  A 
three-phase solid state relay (SSR) (insert model number and manufacturer) was added to the heater power line.  The 
relay is turned on and off by a PID controller from Red Lion (insert model number).  In the on state, the full current 
travels to the heater.  In the off state, only a small leakage current is allowed to flow.  A relative humidity sensor 
(insert name and type of sensor) located near the wind tunnel air inlet provides a 0-10V signal proportional to the 
relative humidity.  The controller changes the on percentage of the SSR until relative humidity has reached its set 
point.   
When the power to the humidifier is turned on, the humidifier automatically starts running.  It is now 
necessary to make the humidifier run in a steady state mode (no cycling).  The following steps are to start the 
humidifier and achieve a steady state mode of operation. 
1.) Power up humidifier. 
2.) Put toggle switch in ‘on’ position. 
3.) ‘Fill’ light is on. 
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4.) The humidifier fills until the ‘heat ready’ light comes on and the ‘fill’ light goes off. 
5.) Set PID controller to manual operation and set at 90% power 
6.) Open the tank drain until the ‘fill’ light comes on. 
7.) Put toggle switch in ‘off’ position. 
8.) Let water fill to overflow drain. 
9.) Slow water flow rate to minimize overflow.  
10.) Once steam is flowing to the evaporator chamber, return PID to automatic operation 
 
The humidifier heater should start when the ‘heat ready’ light comes on.  The humidifier will take some 
time to warm up before steam will flow to the evaporator chamber.  To aid this process, a water heater has been 
installed at the water inlet to the humidifier.  The water heater is a ‘point of use’ water heater made by Ariston.  The 
water heater has an adjustable thermostat from 18 °C to 80 °C.  
B.3 Condensate collection stand 
Condensate is collected as it flows off of the evaporator and pools in the collection pan.  The condensate is 
then gravity fed from the bottom of the duct, out of the chamber,  and into the collection stand shown in Figure B.5.  
The condensate flows into a bucket and is weighed using an Omega strain gauge.  The strain gauge has a maximum 
of 2.27 kg weighing capacity.  The strain gauge outputs a reading to both a Sensotec digital display and to the data 
acquisition system (DAS).  Every time the DAS samples the data, the time is also recorded.  The slope of the linear 
regression of weight versus time is the condensate flow rate.  In addition, the temperature of the exiting condensate 
is measured using a welded type T thermocouple.  The temperature is measured in a water trap in the condensate 
line to insure that only the liquid temperature is measured.  These numbers are used in the calculation of the 
calorimetric and the air side energy balance for the evaporator chamber. 
B.4 Cooling coil and chiller system 
A cooling coil is used to reject heat from the condenser chamber.  The cooling coil is connected to a chiller 
system located on the roof outside the laboratory.  The chiller system consists of two chillers and two pumps.  An 
aqueous ethylene glycol solution is pumped from the chillers to the chambers provide cooling.  The mobile and 
residential systems receive their cooling capacity from the chiller system.  The chiller system can operate either 















Figure B.5 Schematic of condensate collection stand. 
Each chiller is a Continental Packaged Air Cooled Chiller Model CCA-5E.  The chillers are charged with 
R-22 and cool an approximate 50% solution of aqueous ethylene glycol.  It is pumped from the chiller to a heat 
exchanger in the chamber and then back to the chiller.  The chiller system also has two expansion tanks located high 
enough to let all air in the system escape and allow expansion and contraction of the liquid as it heats and cools. 
The power switch is located in the center of the east wall about a foot off the ground in room 361 MEL.  
The bottom switch is for the mobile system and the top switch is for the residential system.  The switch has four 
positions.  When the switch is turned all the way to the left, the first notch, the chiller and pump are off.  Turn the 
switch right to the second notch for the pumps to turn on.  Turn the switch right again to the third notch and the 
chiller system is in a preparatory mode.  Turn the switch to the fourth and final notch and the chiller system turns on.  
Note the pumps are always on except when the switch is in the first notch, which is the off position.  Sometimes it is 
necessary to run the chiller system with only the pumps (second notch).  This allows the glycol and the condenser 
chamber to heat up to test conditions quicker.  Then the chiller can be switched on (fourth notch). 
During some testing, both chillers and/or pumps are necessary.  The chiller systems are connected with 
piping to allow different modes of running.  The valves are used for controlling the glycol flow rates and bypasses.  
All valves are standard gate valves used for water piping. 
B.5 Evaporator and condenser chambers 
The evaporator and condenser environmental chambers are Tyler walk-in coolers.  Each chamber is 
constructed of 10.2 cm Class 1 Urethane panels with galvanized stucco embossed on interior and exterior of the 
panels.  The prefabricated panel sections are assembled in the final location.  Figure B.6 shows a blow up of a 
chamber.  The panel sections are fastened together using lock and pin housings located inside the insulated panels as 
shown in Figure B.7.  A hex cam wrench is used to turn the camlock in a clockwise direction to lock the two panels 
together. The interior dimensions of the evaporator chamber are 3.55 m long x 1.83 m wide x 2.45 m high and the 
condenser chamber is 3.55 m long x 2.13 m wide x 2.45 m high.  The door for each chamber measures 0.92 m x 
2.13 m. 
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Each chamber has added insulation to increase the overall R-value of the walls and ceiling.  The insulation 
was added to the interior of the walls and to the exterior of the ceiling.  Three layers of 5.1 cm polystyrene insulation 
and one layer of 5.1 cm Celotex insulation plus the 5.1 cm urethane make up the 30.5 cm thick walls of the chamber.  
The thermal conductivity of the urethane is 0.023 W/m K, polystyrene is 0.029 W/m K, and Celotex is 0.019 W/m 
K, which gives each chamber surface a total thermal conductivity of 0.025 W/m K.   
 
Figure B.6 Blow up of environmental chamber used in mobile air conditioning lab. 
The condenser chamber was calibrated to determine the heat loss through the walls.  This calibration was 
used to determine the heat transfer coefficients of each surface.  Each surface temperature was measured using 
welded type T thermocouples fixed to the interior and exterior surfaces of the chambers.  To correlate the data, three 
temperature differences are used: wall, ceiling, and floor.  On each wall surface, one thermocouple is installed at the 
center on the interior and exterior to yield the temperature difference.  The four thermocouples inside and outside are 
averaged separately during the data taking process.  Five thermocouples are used for each interior and exterior 
surfaces of the floor and ceiling.  The average deviation of the calibration data is 0.8% with a maximum deviation of 
1.7%.  The calibration is shown in Figure B.8.  The measured values of heat transfer coefficients were then carried 
over to the evaporator chamber calculations. 
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Figure B.7 Illustration of the panel locking system in the Tyler walk-in cooler. 
The overall heat loss due to transmission is the sum of the heat lost through each wall, ceiling, and floor.  
Equation (B.3) is the overall heat lost due to transmission. 
cccwwwffftr TAUTAUTAUQ D+D+D=  B.3 
Where U is the heat transfer coefficient, A is the surface area (m2), and DT is the temperature difference 
(°C) from inside to outside of surface for the floor, wall, and ceiling.  Table B-3 gives the values of the heat transfer 
coefficients and surface areas for the evaporator and condenser chamber.  For these chambers, overall heat losses are 
about 21.5 % through the walls, 28.5% through the ceiling, and 50% through the floor.  The transmission losses are 
still only about 5% of the overall chamber energy balance.  
Table B.3 Heat transfer coefficients and surface areas for transmission losses in environmental chambers. 
 Heat transfer coefficient 
(W/m2 oC) 
Condenser Chamber 
Surface Area (m2) 
Evaporator Chamber 
Surface Area (m2) 
Floor 0.754 7.58 6.49 
Ceiling 0.170 7.58 6.49 












































Figure B.8 Calibration data for transmissions losses in the condenser chamber (left).  Measured heat transmission 
loss verses calculated loss using calibrated U values (right). 
B.6 Compressor stand 
The compressor test stand lies inside the compressor chamber between the environmental chambers.  
Essentially the same comp ressor test stand was used throughout all tests.  Minor modifications were made to 
incorporate each compressor.   
The stand is a metal table with a ¾ inch thick aluminum plate top that the air conditioning system 
compressor, torque meter, clutch assembly, drive motor, and tachometer all mount to as shown in figure B-8.  The 
a/c compressor is belt driven with a 6-groove belt connected to the drive motor.  Its speed is controlled by a 7.5 kW 
variable frequency drive (VFD), model AF93, from Cutler-Hammer.  The drive motor and compressor can run at a 
1:1 or approximately 2.4:1 speed ratio, depending on if the small or large drive motor pulley is used.  The drive 
motor is a 3 phase, 10 kW Baldor inverter drive motor with a 6000 rpm maximum.  The large drive motor pulley is 
necessary to achieve speeds greater than 3600 rpm (60 Hz) as the efficiency of the VFD falls off steeply at 
frequencies greater than the input line frequency (60 Hz). 
Directly inline with the compressor shaft is a torque meter located between the compressor and the clutch.  
The torque meter is a MCRT non-contact torque meter made by S. Himmelstein & Co. with 0-56.5 Nm range and a 
maximum speed of 8500 rpm.  A tachometer measures the speed of the compressor.  The tachometer is a Panel 
Tachometer Model DT-5TG made by SHIMPO.  This microprocessor-based tachometer can measure rotational, 
linear and flow rate speeds, and can function as an elapsed time counter and ratio meter. A SHIMPO DOP-FV 
analog output module is used with the tachometer.  This module provides a voltage (0-10 VDC) or current (4-20 
mA) proportional to the input frequency.  This module allows full span analog output regardless of rpm range.  The 
tachometer sensor is a Retro -Reflective Sensor Model RS220H by SHIMPO, which consists of an infrared source, 
sensing circuit, and amplifier, contained in a heavy-duty housing.  The sensor is mounted between the torque meter 

















Figure B.9 Schematic of comp ressor stand. 
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Appendix C: EES Template for Calculating System Data 
This program calculates many values that characterize the performance of the system at each test condition.  
Each test has one EES file with the system data. 
 
"Calculates refrigerant enthalpy from Refprop version 5, based on an input temperature and 
pressure. 
inputs:   TC=temperature in (C) 
   P  = pressure (kPa) 
 
Outputs: Hkg = enthalpy (kJ/kg) 
 
Called by: procedure RefriBalance (internal procedure) 
 
Calls to:Refprop (extenal procedure) 
" 
procedure TP(TC, P : Hkg) 
        R134a=18;   
 TK=TC+273.15 
 CALL REFPROP(1, R134a ,1, TK, P : TK1, P, V, H, S, Q) 




Calculates airflow rate across evaporator and condenser based on experimental data 
 
Inputs:   CD = discharge coefficient of nozzle (constant) (manual input) 
   D     = nozzle throat diameter (m) (manual input) 
   T  = air temperature measured at throat of nozzle (C) (measured) 
   Pstand = standard atmospheric pressure (kPa) (manual input) 
   Pn = air pressure at nozzle exit plane (kPa) (calculated) 
   Wn = humidity ratio at nozzle exit plane (calculated) 
   DPn= air pressure drop across nozzle (Pa) (measured) 
 
Outputs: Vel  = mean velocity of air wate r mixture in throat of nozzle (m/s) (calculated) 
   ma  = mass flow rate of air water mixture in duct (kg/s) (calculated) 
   qm3s= volumetric flow rate of air water mixture in nozzle (m^3/s) (calculated) 
   Vn  = specific volume of air water mixture (calculated) 
   Md  = mass flow rate of dry air (calculated) 
 
Called by: Main program 
 
Calls:   none 
" 
procedure AirFlowRate(CD,D,T,Pstand,Pn,Wn,DPn: Vel,ma,qm3s,Vn,Md) 
An=3.1416*D**2/4      "nozzle throat cross-sectional area" 
Vn=101.3*VOLUME(Air,T=T,P=Pstand)/Pn/(1+Wn) 








Calculates airside heat balances for evaporator  
Inputs:   ENN = number of nozzles used in evaporator (manual input) 
   qm1 = volumetric flow rate through nozzle 1 (m^3/s) (calculated) 
   qm2 = volumetric flow rate through nozzle 2 (m^3/s) (calculated) 
   Vn1 = specific volume of air-water mixture at throat of nozzle 1 (m^3/kg) 
(calculated) 
   Vn2 = specific volume of air-water mixture at throat of nozzle 2 (m^3/kg) 
(calculated) 
   Tw = condensate water temperature as it leaves chamber (C)(measured) 
   Patm= atmospheric pressure in evaporaor chamber (kPa) (measured) 
   Mde1 = mass flow rate of dry air through nozzle 1 of evaporator (kg/s) 
(calculated) 
   Mde2 = mass flow rate of dry air through nozzle 2 of evaporator (kg/s) 
(calculated) 
   mea1 = mass flow rate of air-water mixture through nozzle 1 (kg/s) (calculated) 
   mea2 = mass flow rate of air-water mixture through nozzle 2 (kg/s) (calculated) 
   DGs = mass flow rate of condensate leaving evaporator chamber (kg/s) 
(calculated) 
   Tn1 = temperature of air at throat of evaporator nozzle 1 (C) (measured) 
   Tn2 = temperature of air at throat of evaporator nozzle 2 (C) (measured) 
   Teai = inlet temperature of air to evaporator (C) (measured) 
   Wn = humidity ratio of air at either evaporator nozzle (calculated) 
   Wi = humidity ratio of air at evaporator inlet (calculated) 
   Teao = outlet evaporator air temperature as measured by thermocouple grid (C) 
(measured) 
 
Outputs: Mde = total mass flow rate of dry air in evaporator (kg/s) (calculated) 
   mea = total mass flow rate of air-water mixture in evaporator (kg/s) (calculated) 
   Qe = air side heat transfer of evaporator using each nozzle independently for exit 
enthalpy and flow rate (kW) (calculated) 
   m3 = total volumetric flow rate of air-water mixture at evaporator exit (calculated) 
   scfm = total air flow rate (standard cubic feet per minute) (calculated) 
   Tn = average nozzle temperature (C) (calculated) 
   Qeg = air side heat transfer of evaporator using Teao and total air flow rate to 
find exit enthalpy (kW) (calculated) 
 
Called by: Main program 
 
Calls:   none 
 
" 
procedure NNum(ENN,qm1,qm2,Vn1,Vn2, Tw,Patm,Mde1,Mde2,mea1,mea2,DGs,Tn1,Tn2,Teai, 
WN, Wi, Teao: Mde,mea,Qe,m3,scfm,Tn, Qeg) 
"Checks for the number of nozzles in use" 
IF (ENN< 1.5) THEN 






 hvin=2501+1.805*Teai  "inlet specific enthalpy of water vapor in air (kJ/kg)" 
 hout2=2501+1.805*Tn"outlet specific enthalpy of water vapor in air, based on nozzle 
temperature (kJ/kg)" 
 heao2=Mde*SPECHEAT(Air,T=Tn)*Tn2+WN*Mde*hvout2 "total outlet enthalpy of air water 
mixture, based on nozzle temperature (kW)" 
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 hvoutg=2501+1.805*Teao "outlet specific enthalpy of water vapor in air, based on grid 
temperature (kJ/kg)" 
 Heaog=Mde*SPECHEAT(Air,T=Teao)*Teao+WN*Mde*hvoutg     "total outlet enthalpy of 
air water mixture, based on nozzle temperature (kW), but note that this value is still dependent 
on nozzle temperature through air flow rate calculations" 
 Qeg=heai-Heaog-DGs*ENTHALPY(Water,T=Tw,P=Patm)  
ELSE 





 hvin=2501+1.805*Teai  "inlet specific enthalpy of water vapor in air (kJ/kg)" 
 hvout1=2501+1.805*Tn1 "outlet specific enthalpy of water vapor in air, based on nozzle 1 
temperature (kJ/kg)" 
 hvout2=2501+1.805*Tn2 "outlet specific enthalpy of water vapor in air, based on nozzle 2 
temperature (kJ/kg)" 
 heao1=Mde1*SPECHEAT(Air,T=Tn1)*Tn1+WN*Mde1*hvout1  "total outlet enthalpy of air 
water mixture, based on nozzle 1 temperature (kW)" 
 heao2=Mde2*SPECHEAT(Air,T=Tn2)*Tn2+WN*Mde2*hvout2 "total outlet enthalpy of air 
water mixture, based on nozzle 2 temperature (kW)" 
 hea=heao1+heao2 "total air exit enthalpy" 
 Tn=(Tn1+Tn2)/2 "average nozzle temperature" 
 heai=Mde*SPECHEAT(Air,T=Teai)*Teai+Wi*Mde*hvin  "total inlet enthalpy of air water 
mixture (kW)" 
 Qe=heai-heao1-heao2-DGs*ENTHALPY(Water,T=Tw,P=Patm) 
 hvoutg=2501+1.805*Teao "outlet specific enthalpy of water vapor in air, based on grid 
temperature (kJ/kg)" 
 Heaog=Mde*SPECHEAT(Air,T=Teao)*Teao+WN*Mde*hvoutg   "total outlet enthalpy of 
air water mixture, based on nozzle temperature (kW), but note that this value is still dependent 
on nozzle temperature through air flow rate calculations" 






Calculates refrigerant side heat balances for evaporator and condenser 
Inputs:   Tri  = inlet ref temperature (C) (measured) 
   Pri  = inlet ref pressure  (kPa) (measured) 
   Tro  = outlet ref temeperature (C) (measured) 
   Pro = outlet ref pressure (kPa) (measured) 
   Xoil = oil concentration in circulating refrigerant (manual input) 
   mr = refrigerant mass flow rate (g/s) (measured) 
   chmbr = flag to denote which equations top use to ensure a positive heat transfer 
value (manual input) 
 
Outputs:  Qr = refrigerant side heat transfer, based on EES refrigerant properties (kW) 
(calculated) 
   Qr_Refprop = refrigerant side heat transfer, based on Refprop refrigerant 
properties (kW) (calculated) 
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   T_2ph = condensing or evaporating temperature, based on exit outlet refrigerant 
presssure (C) (calculated) 
   DT_s = degrees of sub cooling (condenser) or superheating (evaporator) (C) 
(calculated) 
   DT_sF = degrees of sub cooling (condenser) or superheating (evaporator) (F) 
(calculated) 
   h_in = inlet refrigerant enthalpy (kJ/kg) (calculated) 
   h_out = outlet refrigerant enthalpy (kL/kg) (calculated) 
Called by: Main program 
 
Calls:   TP 
 
" 




CALL TP(Tri,Pri: hcir) 
CALL TP(Tro,Pro: hcor) 
T_2ph=TEMPERATURE(R134a,x=0.02,P=Pro) 
 
















Calculates calorimetric heat transfer for evaporator chamber 
 
Inputs:   Ts = steam temperature entering chamber (C) (measured) 
   Patm = atmospheric pressure in chamber (kPa) (measured) 
   Tw = temperature of condensed water leaving chamber (C) (measured) 
   Teif = temperature of floor in evap chamber interior (C) (measured) 
   Teof = temperature of floor in evap chamber exterior (C) (measured) 
   Teic= temperature of ceiling in evap chamber interior (C) (measured) 
   Teoc= temperature of ceiling in evap chamber exterior (C) (measured) 
   Teiw = temperature of walls in evap chamber interior (C) (measured) 
   Teow = temperature of walls in evap chamber exterior (C) (measured) 
   DG_kgs = condensate mass flow rate (kg/s) (calculated) 
   We1 = energy consumed by evap chamber blowers and heaters (kW) (measured) 
   We2 = energy consumed by evap chamber lights and outlet (kW) (meassured) 
   QEvap_mean = average of chamber and airside energy balances (kW) 
(calculated) 
 
Outputs: Q_Evap = calorimetric heat transfer for evaporator chamber (kW) (calculated) 
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   Qtr = transmission losses through the chamber floor ceiling and walls (kW) 
(calculated) 
   Q_sensible = sensible load on evaporator (kW) (calculated) 
   We = total electrical energy consumed by evap chamber (kW) (calculated) 
   Q_latent = latent load on evaporator (kW) (calculated) 
 
Called by: Main program 
 
Calls:   none 
" 
Procedure EvapChmbrBalan(Ts, Patm, Tw, Teif, Teof, Teic, Teoc, Teiw, Teow, DG_kgs, We1,We2, 
QEvap_mean:Q_Evap, Qtr,Q_sensible,We, Q_Latent) 
 
We = We1+We2 "Only add We2 to We if lights were on or outlets were being used in Evap 
chamber" 
Psteam=PRESSURE(Steam,T=Ts,x=0.5) "steam pressure as it enters the evaporator 
chamber (kPa)" 
Hs=DG_kgs*ENTHALPY(Steam,T=Ts,P=Psteam-1) "Enthalpy of steam as it enters chamber 
(kW)" 










Calculates calorimetric heat transfer for condenser chamber 
 
Inputs:   Tgi = glycol inlet temperature (C) (measured) 
   Tgo = glycol exit temperature (C) (measured) 
   Tcif = temperature of floor in condenser chamber interior (C) (measured) 
   Tcof = temperature of floor in condenser chamber exterior (C) (measured) 
   Tcic= temperature of ceiling in condenser chamber interior (C) (measured) 
   Tcoc= temperature of ceiling in condenser chamber exterior (C) (measured) 
   Tciw = temperature of walls in condenser chamber interior (C) (measured) 
   Tcow = temperature of walls in condenser chamber exterior (C) (measured) 
   DG_kgs = condensate mass flow rate (kg/s) (calculated) 
   Wc = energy consumed by condenser chamber blowers and heaters (kW) 
(measured) 
   mg = mass flow rate of glycol (g/s) (measured) 
 
Outputs: Q_Cond1 = calorimetric heat transfer for condenser chamber (kW) (calculated) 
   Qctr = transmission losses through the chamber floor ceiling and walls (kW) 
(calculated) 
   Q_glycol = heat transfer to cooling coil (kW) (calculated) 
 
Called by: Main program 
 
Calls:   none 
" 




Cpg1=3.41  "constant 1 for glycol specific heat correlation" 
Cpg2=0.003741    "constant 2 for glycol specific heat correlation" 
Hgi1=mg*(Cpg1*Tgi+Cpg2*Tgi^2/2)/1000 "Inlet enthalpy of glycol" 








Calculates several compressor efficiencies 
Inputs:  Tri = inlet ref temperature (C) (measured) 
   Pri  = inlet ref pressure (kPa) (measured) 
   Tro = outlet ref temeperature (C) (measured) 
   Pro = outlet ref pressure (kPa) (measured) 
   Q_Cond1 = calorimetric heat transfer for condenser chamber (kW) 
(calculated) 
   W_comp = compressor work (kW) (calculated) 
   mrc = refrigerant mass flow rate from Q_cond1/(delta h) (g/s) (calculated) 
   Trcpi = inlet ref temperature, same as Tri (C) (measured) 
   Prcpi = inlet ref pressure, same as Pri (kPa) (measured) 
   Vc = compressor shaft speed (rpm) (measured) 
 
Outputs: eta_isen = ratio of isentropic DELTAh to actual DELTAh 
   eta_idia = ratio of actual DELTAh to measured specific work input 
   eta_m = ratio isentropic DELTAh to measured specific work input 
   eta_v = ratio of actual volumetric flow rate to volumetric displacement of 
compressor = volumetric efficiency 
   h_compin = refrigerant enthalpy at compressor input 
   h_compout = refrigerant enthalpy at compressor output 
 
Called by: Main program 
 
Calls:  none 
" 
procedure Efficiency(Tri,Pri,Tro,Pro,Q_cond1,W_comp, mrc,Trcpi,Prcpi,Vc:eta_isen, 










V_suc=VOLUME(R134a,T=Trcpi,P=Prcpi) "specific volume at compressor inlet 
(m^3/kg) " 
Vdot_c=mrc*V_suc/1000     "refrigerant volumetric flow rate at 
compressor inlet (m^3/s) " 
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eta_v=Vdot_c/(85.9/1e6*Vc/60)  "suction volume of Sanden scroll compressor is 85.9 
cc."  
{eta_v=Vdot_c/(155/1e6*Vc/60)/1000   }  {volumetric efficiency for Ford Escort 10 







This program calculates many quantities that characterize the system.  At the end of 
the program is a list of equations that contain  
sample input data (measured values).  For each test, new input data (from the test 
facility) replaces the sample data and the resulting file is saved with a new name.  
Therefore, each test has its own EES file.   
 
Throughout this program, variables with the suffix '_o_m' are linked to the direct 
measurement of the condensate flowrate.  Identical  
variables without the suffix are linked to an outlet dew point to generate the same 
information. 
 
Version 7 - improved R134a" 
Verdate=040900   "Date of Revision" 
RHc=0.4 "Relative humidity at inlet to condenser (assumed)" 
Xoil=0.01    "Oil Concentration in circulating refrigerant" 
ENN = 2  "For evaporator chamber, if use one Nozzle ENN=1, if two, then 
ENN=2 " 
Pstand=101.325 "Standard atmospheric pressure" 
 
 
DG_kgs_o_m=0.45359*Dslope  "converts condensate flow rate from lb/s (Dslope) to 
kg/s" 
DG_gps_o_m=DG_kgs_o_m*1000 "converts to g/s from kg/s" 
 
DG_kgs=0.45359*Dslope_new_method  "converts condensate flow rate measured 
based on DELTATdp from lb/s to kg/s" 
DG_gps=DG_kgs*1000   "converts to g/s from kg/s" 
 




" Calculates the Relative Humidity at the inlet to the evaporator (Rhea_in) and the 
entrance to the nozzles(Rhea_out)" 
 
{Any of the following variables can be inputted as evaporator dew point:  Tdpe, RHe, 
or RHev} 
{Tdpe = RHe 








"----------- Air flow rate for Evaporator Side -------------- Uses DELTATdp for measuring 
condensate removal:  dew point sensors at inlet  of evaporator and exit of nozzle" 
"Air flow rate for Evaporator Side   " 
   "Nozzle #1---->North " 
CDe=0.975  "nozzle discharge coefficient" 
Diae1=0.06342    "nozzle diameter (m)" 
call  AirFlowRate(CDe,Diae1, Ten1,Pstand,Pen,WeN,DPen: Vele1, mea1,qm3se1,Vnde1, 
Mde1) 
Re=(9.6286-0.064834*Ten1+0.00025824*Ten1^2)*2.495*Vele1/0.3048*60
 "Reynolds number of air at throat of nozzle" 
 
    "Nozzle #2 --->South " 
Diae2=0.06348   "nozzle diameter (m)" {2.5"} 





"--------------Air Flow rate for Condenser -----------------" 
 
"Air Flow rate for Condenser Side  " 
CDc=0.98 "nozzle discharge coefficient" 
Diac2=0.15250        "nozzle throat diameter" {6"        } 
call  AirFlowRate(CDc,Diac2,Tcn2,Pstand,Pcn,WcN,DPcn: 
Velc2,mca2,AFR_m3_Cond,Vndc2, Mdc2) 
Rc=(9.6286-0.064834*Tcn2+0.00025824*Tcn2^2)*2.495*Velc2/0.3048*60
 "Reynolds number at nozzle throat" 
 
   
WcN=0.622*RHc*pressure(Water,T=Tcai,x=0.5)/(Patm-RHc*pressure(Water,T=Tcai,x=0.5))
 "Air Side  Humidity  Ratio at nozzle" 
AFR_scfm_Cond=AFR_m3_Cond*2118.89/(Vndc2)/1.2 "Converts airflow rate from 
m^3/s to scfm" 
 
"------------------------------- Energy Balance Calculations----------------------------------" 
 
 
"Condenser Air-Side " 
 
Cpcai=(SPECHEAT(Air,T=Tcai) + SPECHEAT(air,T=Tcn2))/2 "Specific heat of inlet 
air" 
Qca=mca2*Cpcai*(Tcn2-Tcai) "airside energy balance" 
 
"Condenser  Refrigerant Side  " 
chmbrc = 1 "Flag for Refribalance to denote condenser"  




"Condenser Chamber calorimetric energy balance" 




"Evaporator   Air Side" 
call  NNum(ENN,qm3se1,qm3se2,Vnde1,Vnde2, 
Tw,Patm,Mde1,Mde2,mea1,mea2,DG_kgs,Ten1,Ten2,Teai, WeN,Wei,Teao: 
Mde,mea,Qevap_air, AFR_m3_Evap, AFR_scfm_Evap,T_eao,Qeag) 
 
WeN=Wei - DG_kgs/Mde    "calculates condensate removal rate in Kg/s for method of 
measuring condensate removal:  dew point sensors at inlet  of evaporator and exit of 
nozzle" 
 
"Evaporator Refrigerant Side" 
 
chmbre = 2 "Flag for Refribalance to denote  evaporator"  
Call RefriBalance(Tori,Pcro,Tero,Pero, Xoil, mr, chmbre:Qer, Qer_Refprop,T_evap,DT_sup, 
DT_supF, hei,heo) 
 
"Evaporator Chamber calorimetric energy balance" 
 
Call EvapChmbrBalan(Ts, Patm, Tw, Teif, Teof, Teic, Teoc, Teiw, Teow, DG_kgs, 
We1,We2, QEvap_mean:Q_Evap, Qetr, Q_sensible,We, Q_latent) 
 
 
"Compressor Energy consumption Calculation " 
W_comp=(Fc*.11298)*(Vc/9.5488)/1000   "Converts from Torque (Fc, in-lb) * Speed (Vc, 
rpm) to KW, includes conversion factors" 
 
"System efficiency" 
COP=QEvap_mean/W_comp "Coefficient of Performance" 
 
"Error calculations between each method of calculating the energy balance in the 
condenser " 
 
QCond_mean=(Qca+ABS(Q_Cond1))/2  "Average of chamber and airside balance" 
ErrCond_a=(QCond_mean-Qca)/QCond_mean*100 "% error of airside balance from 
mean" 
ErrCond_r=(QCond_mean-Qcr_Refprop)/QCond_mean*100 "% error of refrigerant 
balance from mean" 
ErrCond_tot=(QCond_mean-ABS(Q_Cond1))/QCond_mean*100  "%error of 
chamber balance from mean" 
 
"Error calculations between each method of calculating the energy balance in the 
evaporator" 
QEvap_mean=(Qevap_air+Q_Evap)/2    "Average of chamber and airside balance" 
ErrEvap_a=(QEvap_mean-Qevap_air)/QEvap_mean*100 "% error of airside balance 
from mean" 
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ErrEvap_r=(QEvap_mean-Qer_Refprop)/QEvap_mean*100 "% error of refrigerant 
balance from mean" 
ErrEvap_tot=(QEvap_mean-Q_Evap)/QEvap_mean*100  "%error of chamber balance 
from mean" 
 
"Compressor Efficiency calculations" 
 
mrc=ABS(Q_Cond1)*1000/(hci-hco) "alternative method for computing refrigerant 
mass flow rate (mrc).  Still is inaccurate when condenser exit is two phase since hco 
is based on temperature and pressure at condenser exit." 
Call Efficiency(Trcpi,Prcpi,Trcpo,Pcri, Q_Cond1,W_comp, mrc,Trcpi,Prcpi, Vc:eta_isen, 
eta_idia, eta_m, eta_v, h_compin, h_compout) 
 
"Pressure definitions" 
Peri=Pero+DPer  "Evaporator refrigerant inlet pressure (kPa, absolute)" 
Pcri = Pcro+DPcr  "Condneser refrigerant inlet pressure (kPa, absolute)" 
P_ratio=Pcri/Prcpi "Pressure ratio felt by compressor (discharge / inlet)" 
 
"Evaporator refrigerant exit quality" 









Other equations that invoke the humidity ratio at the evaporator exit - evaluates 
impact of old method of measuring condensate flow rate (_o_m): direct measurement 
of condensate flow rate" 
 
"----------- Air flow rate for Evaporator Side -------------- " 
"Nozzle #1---->North   " 
call  AirFlowRate(CDe,Diae1, Ten1,Pstand,Pen,WeN_o_m,DPen: 
Vele1_o_m,mea1_o_m,qm3se1_o_m,Vnde1_o_m, Mde1_o_m) 
 
"Nozzle #2 --->South " 
call  AirFlowRate(CDe,Diae2, Ten2,Pstand,Pen,WeN_o_m,DPen: 
Vele2_o_m,mea2_o_m,qm3se2_o_m,Vnde2_o_m, Mde2_o_m) 
 
"Next 3 lines calculate inlet humidity ratio (Wei) from Teai, Rhea_in, and Psei instead 











"Calculates an exit dew point temperature (Tdpeo_o_m) for the old method (_o_m)" 
Rhea_out_o_m=RELHUM(AirH2O,T=((ENN-1)*Ten1+Ten2)/(ENN),P=Pen,D=Tdpeo_o_m) 
 








"Calculates the  humidity ratio WeN_o_m after nozzle" 
 
WeN_o_m=Wei_o_m - DG_kgs_o_m/Mde_o_m 
 
"Chamber energy balance for old method" 
Pstm = PRESSURE(Steam,T=Ts,x=0.5) "steam pressure as it enters the evaporator 
chamber (kPa)" 
Hs_o_m=DG_kgs_o_m*ENTHALPY(Steam,T=Ts,P=Pstm-1) "Enthalpy of steam as 
it enters chamber (kW)" 
Hw_o_m=DG_kgs_o_m*ENTHALPY(Water,T=Tw,P=Patm) "Enthalpy of water as it 
leaves chamber (kW)" 
Q_Evap_o_m=We/1000+Hs_o_m-Hw_o_m-Qetr "calculation of chamber energy 
balance: Qetr is from EvapChmbrBalan" 
Q_latent_o_m=QEvap_mean_o_m-Q_sensible "Calculation of latent load" 
 
COP_o_m=QEvap_mean_o_m/W_comp  "System efficiency: Coeficient of 
performance (COP)" 
 
"Error calculations between each method of calculating the energy balance in the 
evaporator" 
QEvap_mean_o_m=(Qevap_air_o_m+Q_Evap_o_m)/2    "Average of chamber and 
airside balance" 
ErrEvap_a_o_m=(QEvap_mean_o_m-Qevap_air_o_m)/QEvap_mean_o_m*100 "% error 
of airside balance from mean" 
ErrEvap_r_o_m=(QEvap_mean_o_m-Qer_Refprop)/QEvap_mean_o_m*100  "% error 
of refrigerant balance from mean" 
ErrEvap_tot_o_m=(QEvap_mean_o_m-Q_Evap_o_m)/QEvap_mean_o_m*100 "%error 
of chamber balance from mean" 
 
"Evaporator refrigerant exit quality" 







Conversion of Data variable names from Excel" 
Tdpeo = Rhen 
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Tdpei = RHe 
 



































































"End of Program" 
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Appendix D: Data Summary 
D.1 Steady state data from tests without compressor cycling 
 
A$ - Filename COP COP_o_m W_comp (kW) QEvap_mean (kW)
1 data_charge_990409_smn_verify 1.75 1.75 3.27 5.733
2 data_charge_990404_smn_verify 1.72 1.76 3.29 5.648
3 data_charge_990324_smn_repeat2 1.68 1.75 3.28 5.515
4 m990324DDM_Baseline 1.73 1.82 4.06 7.025
5 m990324M01_Baseline 1.78 1.82 3.48 6.180
6 m990327H01_Baseline_correct vfea_corhumid 1.36 1.41 4.92 6.686
7 m990411I00_BaselineII 1.60 1.64 1.94 3.108
8 m990411I12_BaselineII 1.97 1.99 1.34 2.631
9 m990414DDH_BaselineII 1.10 1.12 4.34 4.786
10 m990414DDL_BaselineII 1.35 1.35 2.27 3.076
11 data_charge_990410_smn_lesscharge2 1.87 1.84 3.16 5.890
12 data_charge_dry_990410_smn_addedcharge 1.53 1.55 2.74 4.208
13 data_charge_990409_smn_addedcharge 1.72 1.72 3.30 5.672
14 data_charge_990409_smn_addedcharge2 1.72 1.71 3.30 5.667
15 data_charge_990410_smn_addedcharge 1.69 1.71 3.31 5.595
16 data_charge_990410_smn_addedcharge2 1.74 1.76 3.27 5.701
17 data_charge_990410_smn_lesscharge 1.83 1.83 3.20 5.869
18 m990426M00_new_suction_accum 1.86 1.89 3.16 5.871
19 m990502DDL_new_suction_accum 1.50 1.38 2.30 3.445
20 m990428I12_new_suction_accum 1.96 1.97 1.30 2.549
21 m990428M01_new_suction_accum 1.95 1.96 3.39 6.603
22 m990428H01_new_suction_accum 1.48 1.50 4.93 7.285
23 m990502DDH_new_suction_accum 1.21 1.23 4.23 5.103
24 m990503I00_new_suction_accum 1.69 1.70 1.87 3.161
25 m990505DDM_new_suction_accum 2.04 1.89 3.95 8.068
26 m990520_charge_scroll_1 2.17 2.24 2.45 5.323
27 m990521_charge_scroll_2 1.44 1.49 3.90 5.626
28 m990521_charge_scroll_3 1.43 1.46 3.96 5.662
29 m990522_charge_scroll_4 1.51 1.55 3.74 5.641
30 m990523_charge_scroll_5 1.61 1.69 3.57 5.734
31 m990523_charge_scroll_6 1.58 1.61 3.73 5.900
32 m990524_charge_scroll_7 1.63 1.68 3.67 5.991
33 m990526_charge_scroll_8 1.68 1.72 3.49 5.868
34 m990520_DDL_scroll_01 1.38 1.36 1.98 2.719
35 m990520_DDL_scroll_02 1.18 1.16 2.50 2.959
36 m990520_DDL_scroll_03 1.09 1.10 2.87 3.120
37 m990520_DDL_scroll_04 1.03 1.00 3.12 3.195
38 m990521_DDL_scroll_05 0.98 0.98 3.17 3.116
39 m990524_DDL_scroll_06 1.05 1.07 3.01 3.148
40 m990522_scroll_oilconc1 1.45 1.49 3.90 5.665
41 m990525_scroll_oilconc2 1.55 1.59 3.79 5.861
42 m990526_scroll_m1 1.65 1.68 3.94 6.494
43 m990526_I12_scroll 1.92 1.94 1.42 2.724
44 m990527_I0_scroll 1.43 1.46 2.30 3.291
45 m990527_DDM_scroll 1.79 1.42 4.93 8.821
46 m990602_DDL_scroll 1.14 1.15 2.74 3.116
47 m990602_DDM_scroll 1.75 1.63 4.44 7.750
48 m990602_I0_scroll 1.49 1.52 2.10 3.124
49 m990602_M01_scroll 1.85 1.75 3.53 6.542
50 m990603_I12_scroll 2.01 2.05 1.29 2.590
51 m990606_H01_scroll 1.20 1.23 5.79 6.975
52 m990607_DDH_scroll1 0.87 0.88 5.65 4.914
53 m990607_DDH_scroll2 0.87 0.89 5.64 4.890
54 m990610_M0_scroll 1.67 1.74 3.36 5.623
55 m990614_charge_cond_scroll_1 1.90 2.00 3.06 5.810
56 m990614_oilconc1_cond_scroll 1.91 2.01 3.06 5.853
57 m990616_charge_cond_scroll_2 1.86 1.95 3.12 5.802
58 m990616_H01_cond_scroll 1.44 1.47 5.08 7.315
59 m990616_M1_cond_scroll 1.97 2.06 3.25 6.412
60 m990616_DDH_cond_scroll 1.01 1.03 5.06 5.122
61 m990618_I12_cond_scroll 2.12 2.21 1.23 2.601
62 m990619_I0_cond_scroll 1.67 1.71 1.94 3.243
63 m990619_DDL_cond_scroll 1.26 1.27 2.52 3.163
64 m990620_DDM_cond_scroll 1.79 1.96 4.05 7.261
65 m990620_DDM_cond_scroll2 1.84 1.95 4.04 7.450
66 m990628_DDM_cond_scroll3 1.75 1.95 4.04 7.078
72 m990629_H01_cond_scroll_6 1.48 1.50 5.06 7.502
73 m990702_H01_cond_scroll_7 1.71 1.74 4.27 7.303
74 m990703_H01_cond_scroll_8 1.88 1.93 3.79 7.116
75 m990703_H01_cond_scroll_8b 1.90 1.92 3.80 7.195
76 m990703_H01_cond_scroll_8c 1.91 1.93 3.79 7.254
77 m990703_H01_cond_scroll_9 2.19 2.19 3.25 7.132
78 m990703_H01_cond_scroll_10 2.52 2.54 2.68 6.752
79 m990703_H01_cond_scroll_11 2.98 3.03 2.09 6.226
80 m990703_H01_cond_scroll_12 2.37 2.40 2.86 6.772














































































QEvap_mean_o_m (kW) Q_latent (kW) Q_latent_o_m (kW) Q_sensible (kW) Q_Evap (kW) Q_Evap_o_m (kW) Qevap_air (kW)
5.711 2.869 2.848 2.863 5.744 5.722 5.721
5.800 2.701 2.853 2.947 5.729 5.885 5.567
5.730 2.693 2.909 2.822 5.541 5.762 5.488
7.391 2.205 2.570 4.820 7.172 7.545 6.878
6.334 3.722 3.877 2.457 6.228 6.386 6.132
6.931 4.076 4.322 2.609 6.737 6.989 6.634
3.182 0.031 0.105 3.077 3.179 3.256 3.036
2.656 1.168 1.193 1.463 2.554 2.579 2.709
4.856 0.285 0.355 4.501 4.904 4.976 4.668
3.070 -0.116 -0.122 3.192 3.197 3.191 2.955
5.796 3.017 2.924 2.873 5.859 5.763 5.922
4.245 -0.168 -0.132 4.376 4.369 4.406 4.047
5.657 2.727 2.712 2.945 5.731 5.715 5.613
5.632 2.810 2.775 2.858 5.684 5.649 5.650
5.664 2.729 2.798 2.866 5.632 5.702 5.559
5.764 2.874 2.937 2.827 5.684 5.749 5.718
5.857 2.972 2.960 2.897 5.872 5.859 5.867
5.982 2.959 3.070 2.912 5.899 6.013 5.842
3.170 0.098 -0.177 3.347 3.623 3.348 3.268
2.564 1.093 1.108 1.456 2.503 2.519 2.595
6.622 3.923 3.941 2.681 6.697 6.716 6.509
7.406 4.459 4.580 2.826 7.349 7.473 7.221
5.217 0.526 0.641 4.577 5.196 5.314 5.009
3.190 0.109 0.139 3.051 3.223 3.254 3.098
7.453 2.985 2.370 5.083 8.370 7.743 7.767
5.502 2.390 2.569 2.933 5.421 5.605 5.224
5.799 2.656 2.829 2.969 5.726 5.903 5.526
5.792 2.731 2.861 2.931 5.728 5.860 5.596
5.805 2.705 2.869 2.936 5.693 5.862 5.588
6.024 2.798 3.088 2.936 5.750 6.047 5.717
6.010 2.890 3.000 3.010 5.937 6.050 5.864
6.175 2.896 3.080 3.095 6.076 6.264 5.906
6.002 2.777 2.911 3.091 5.984 6.121 5.752
2.684 -0.075 -0.111 2.795 2.832 2.796 2.607
2.900 -0.048 -0.108 3.007 3.072 3.013 2.846
3.161 -0.050 -0.009 3.170 3.247 3.288 2.993
3.123 -0.048 -0.119 3.242 3.320 3.249 3.069
3.111 -0.092 -0.097 3.208 3.228 3.224 3.004
3.205 -0.216 -0.160 3.364 3.306 3.362 2.991
5.787 2.721 2.843 2.944 5.725 5.850 5.605
6.003 2.863 3.004 2.998 5.928 6.073 5.794
6.614 3.849 3.969 2.645 6.569 6.692 6.418
2.757 1.158 1.191 1.566 2.678 2.712 2.770
3.361 0.044 0.113 3.248 3.445 3.517 3.138
6.987 3.586 1.753 5.234 9.115 7.245 8.527
3.137 -0.238 -0.217 3.354 3.333 3.355 2.899
7.236 2.868 2.354 4.881 7.988 7.465 7.511
3.183 0.157 0.216 2.967 3.185 3.245 3.063
6.192 4.134 3.784 2.407 6.536 6.178 6.547
2.643 1.039 1.091 1.551 2.584 2.638 2.596
7.122 4.193 4.340 2.782 7.081 7.232 6.868
4.991 0.320 0.397 4.594 5.086 5.165 4.743
5.010 0.291 0.412 4.598 5.060 5.184 4.719
5.847 2.643 2.866 2.981 5.684 5.912 5.563
6.127 2.783 3.099 3.027 5.877 6.201 5.743
6.151 2.814 3.112 3.039 5.925 6.230 5.781
6.063 2.821 3.083 2.981 5.854 6.122 5.750
7.451 4.551 4.687 2.764 7.306 7.446 7.324
6.695 3.841 4.124 2.571 6.430 6.720 6.394
5.206 0.511 0.594 4.612 5.276 5.361 4.969
2.715 0.988 1.102 1.613 2.638 2.755 2.564
3.313 0.133 0.202 3.110 3.321 3.392 3.166
3.187 -0.132 -0.107 3.295 3.269 3.294 3.057
7.924 2.252 2.916 5.008 7.495 8.171 7.027
7.875 2.405 2.830 5.045 7.681 8.115 7.218
7.853 2.120 2.896 4.958 7.303 8.093 6.853
7.597 4.728 4.823 2.774 7.534 7.632 7.469
7.427 4.563 4.688 2.739 7.328 7.455 7.278
7.304 4.349 4.538 2.766 7.182 7.375 7.049
7.300 4.456 4.561 2.739 7.248 7.356 7.142
7.333 4.518 4.597 2.736 7.304 7.385 7.204
7.133 4.444 4.446 2.688 7.186 7.187 7.078
6.811 4.175 4.234 2.577 6.789 6.849 6.716
6.336 3.770 3.880 2.455 6.247 6.359 6.205
6.865 4.184 4.277 2.588 6.794 6.889 6.750














































































Qevap_air_o_m (kW) Qeag (kW) Qeag_o_m (kW) Qer (kW) Qer_Refprop (kW) Qetr (kW) ErrEvap_tot ErrEvap_tot_o_m ErrEvap_a
5.700 5.672 5.651 6.525 6.625 0.114 -0.204 -0.198 0.204
5.715 5.494 5.643 6.617 6.718 0.109 -1.437 -1.465 1.437
5.698 5.414 5.624 6.641 6.740 0.104 -0.481 -0.557 0.481
7.236 6.826 7.184 6.770 6.915 0.240 -2.091 -2.086 2.091
6.282 6.055 6.206 7.054 7.166 0.103 -0.776 -0.816 0.776
6.873 6.557 6.797 7.091 7.215 0.104 -0.771 -0.831 0.771
3.109 2.967 3.040 3.683 3.741 0.117 -2.304 -2.309 2.304
2.733 2.683 2.707 3.146 3.173 0.013 2.956 2.901 -2.956
4.736 4.616 4.684 6.119 6.221 0.142 -2.464 -2.466 2.464
2.949 2.909 2.902 3.604 3.709 0.140 -3.937 -3.948 3.937
5.830 5.867 5.775 6.151 6.231 0.113 0.536 0.582 -0.536
4.084 3.961 3.998 5.171 5.236 0.114 -3.817 -3.786 3.817
5.598 5.576 5.561 6.643 6.750 0.112 -1.040 -1.038 1.040
5.616 5.603 5.569 6.650 6.757 0.112 -0.307 -0.295 0.307
5.625 5.541 5.608 6.664 6.775 0.112 -0.655 -0.678 0.655
5.780 5.690 5.752 6.482 6.585 0.112 0.299 0.267 -0.299
5.855 5.826 5.814 6.273 6.361 0.111 -0.043 -0.040 0.043
5.950 5.772 5.880 6.117 6.198 0.112 -0.485 -0.522 0.485
2.992 3.175 2.899 3.157 3.223 0.140 -5.152 -5.623 5.152
2.609 2.566 2.580 3.001 3.020 0.005 1.798 1.771 -1.798
6.527 6.444 6.462 6.645 6.735 0.107 -1.426 -1.430 1.426
7.339 7.141 7.259 7.038 7.143 0.109 -0.881 -0.907 0.881
5.121 4.972 5.083 5.757 5.840 0.144 -1.833 -1.849 1.833
3.126 3.054 3.083 3.438 3.475 0.099 -1.990 -1.996 1.990
7.163 7.643 7.039 6.949 7.064 0.235 -3.739 -3.893 3.739
5.399 5.123 5.298 6.169 6.238 0.103 -1.852 -1.872 1.852
5.694 5.555 5.724 6.870 6.971 0.094 -1.783 -1.803 1.783
5.723 5.623 5.749 6.868 6.978 0.095 -1.158 -1.188 1.158
5.749 5.636 5.797 6.825 6.919 0.096 -0.930 -0.973 0.930
6.000 5.721 6.004 6.235 6.296 0.103 -0.286 -0.390 0.286
5.970 5.877 5.984 6.521 6.608 0.102 -0.624 -0.659 0.624
6.085 5.885 6.064 6.361 6.443 0.108 -1.420 -1.452 1.420
5.883 5.775 5.906 6.340 6.425 0.099 -1.971 -1.982 1.971
2.572 2.612 2.576 3.072 3.114 0.131 -4.130 -4.188 4.130
2.786 2.839 2.779 3.393 3.468 0.130 -3.825 -3.909 3.825
3.034 2.980 3.021 3.595 3.695 0.130 -4.067 -4.015 4.067
2.997 3.050 2.978 3.694 3.812 0.131 -3.934 -4.029 3.934
2.999 3.019 3.015 3.671 3.799 0.132 -3.598 -3.606 3.598
3.047 3.030 3.086 3.321 3.411 0.139 -4.995 -4.908 4.995
5.724 5.639 5.758 6.854 6.960 0.092 -1.058 -1.088 1.058
5.932 5.808 5.946 6.402 6.494 0.104 -1.150 -1.181 1.150
6.536 6.434 6.552 6.861 6.962 0.099 -1.158 -1.181 1.158
2.801 2.787 2.819 3.253 3.275 0.004 1.674 1.619 -1.674
3.206 3.163 3.231 3.720 3.767 0.109 -4.672 -4.628 4.672
6.729 8.662 6.866 6.621 6.755 0.245 -3.334 -3.694 3.334
2.920 2.893 2.915 3.355 3.427 0.136 -6.967 -6.919 6.967
7.006 7.623 7.119 7.036 7.147 0.239 -3.082 -3.169 3.082
3.121 3.130 3.188 3.568 3.602 0.105 -1.941 -1.952 1.941
6.205 6.579 6.238 6.662 6.738 0.104 0.088 0.223 -0.088
2.647 2.635 2.686 2.996 3.014 0.004 0.231 0.168 -0.231
7.012 6.887 7.030 7.233 7.333 0.089 -1.529 -1.549 1.529
4.818 4.797 4.873 5.975 6.067 0.119 -3.488 -3.474 3.488
4.836 4.782 4.899 5.967 6.058 0.119 -3.493 -3.470 3.493
5.781 5.632 5.850 6.236 6.304 0.096 -1.072 -1.125 1.072
6.052 5.821 6.130 6.595 6.670 0.107 -1.149 -1.216 1.149
6.072 5.857 6.148 6.600 6.677 0.107 -1.226 -1.286 1.226
6.005 5.842 6.097 6.770 6.854 0.109 -0.891 -0.959 0.891
7.457 7.398 7.531 7.575 7.675 0.112 0.122 0.074 -0.122
6.671 6.469 6.746 7.263 7.355 0.110 -0.279 -0.369 0.279
5.050 5.103 5.184 6.585 6.676 0.144 -2.996 -2.989 2.996
2.675 2.602 2.713 3.323 3.345 0.010 -1.422 -1.485 1.422
3.234 3.211 3.279 3.946 3.989 0.109 -2.385 -2.388 2.385
3.081 3.117 3.142 3.713 3.788 0.140 -3.352 -3.328 3.352
7.677 7.172 7.822 7.398 7.512 0.247 -3.224 -3.118 3.224
7.635 7.370 7.787 7.372 7.487 0.248 -3.109 -3.048 3.109
7.613 7.000 7.760 7.473 7.587 0.240 -3.177 -3.056 3.177
7.561 7.486 7.579 7.746 7.844 0.106 -0.439 -0.465 0.439
7.400 7.303 7.424 7.839 7.931 0.106 -0.337 -0.373 0.337
7.233 7.077 7.261 7.811 7.900 0.110 -0.932 -0.972 0.932
7.244 7.155 7.257 7.832 7.921 0.105 -0.740 -0.766 0.740
7.281 7.220 7.297 7.829 7.918 0.105 -0.685 -0.705 0.685
7.079 7.091 7.092 7.600 7.682 0.104 -0.756 -0.758 0.756
6.773 6.721 6.779 7.229 7.301 0.103 -0.538 -0.556 0.538
6.312 6.209 6.316 6.712 6.774 0.104 -0.339 -0.376 0.339
6.841 6.778 6.869 7.360 7.436 0.104 -0.320 -0.349 0.320














































































ErrEvap_a_o_m ErrEvap_r ErrEvap_r_o_m QCond_mean (kW) Q_Cond1 (kW) Qca (kW) Qcr (kW) Qcr_Refprop (kW) Qctr (kW)
0.198 -15.570 -16.010 8.982 -9.293 8.671 9.026 9.097 0.138
1.465 -18.950 -15.830 9.087 -9.266 8.907 9.095 9.167 0.142
0.557 -22.220 -17.630 9.118 -9.228 9.007 9.095 9.166 0.121
2.086 1.575 6.439 11.230 -11.540 10.920 9.674 9.767 0.160
0.816 -15.960 -13.140 9.844 -9.967 9.721 9.731 9.806 0.122
0.831 -7.914 -4.091 11.800 -12.130 11.480 10.740 10.810 0.127
2.309 -20.380 -17.560 4.711 -4.724 4.697 4.991 5.035 0.266
-2.901 -20.570 -19.450 3.971 -4.288 3.654 4.056 4.089 0.141
2.466 -29.980 -28.110 9.062 -9.518 8.605 9.346 9.411 0.177
3.948 -20.580 -20.830 4.948 -4.828 5.069 5.154 5.222 0.328
-0.582 -5.788 -7.500 8.743 -9.283 8.202 8.810 8.861 0.140
3.786 -24.430 -23.350 7.010 -7.227 6.793 7.021 7.078 0.142
1.038 -19.010 -19.330 9.016 -9.321 8.711 9.027 9.107 0.138
0.295 -19.240 -19.980 9.035 -9.352 8.718 9.046 9.126 0.137
0.678 -21.080 -19.610 8.960 -9.332 8.589 9.024 9.110 0.142
-0.267 -15.510 -14.240 8.943 -9.424 8.463 9.016 9.092 0.140
0.040 -8.382 -8.605 8.846 -9.321 8.371 8.914 8.973 0.140
0.522 -5.572 -3.615 9.098 -9.351 8.845 9.016 9.063 0.139
5.623 6.447 -1.680 4.885 -4.646 5.123 5.097 5.123 0.333
-1.771 -18.460 -17.770 3.978 -4.139 3.817 3.946 3.967 0.134
1.430 -1.994 -1.709 9.908 -10.270 9.541 9.798 9.845 0.136
0.907 1.953 3.555 12.120 -12.730 11.510 11.460 11.500 0.136
1.849 -14.450 -11.940 9.315 -9.856 8.774 9.386 9.427 0.173
1.996 -9.936 -8.924 4.952 -5.033 4.871 4.960 4.976 0.245
3.893 12.450 5.221 11.160 -11.370 10.950 10.440 10.490 0.170
1.872 -17.190 -13.380 7.734 -7.991 7.477 8.068 8.121 0.136
1.803 -23.910 -20.220 9.759 -10.120 9.394 9.948 10.010 0.130
1.188 -23.250 -20.490 9.833 -10.250 9.421 9.885 9.956 0.129
0.973 -22.670 -19.190 9.545 -10.070 9.023 9.817 9.877 0.127
0.390 -9.808 -4.517 9.543 -9.909 9.177 9.538 9.559 0.131
0.659 -12.000 -9.957 9.735 -10.190 9.280 9.809 9.856 0.131
1.452 -7.542 -4.341 9.816 -10.230 9.404 9.782 9.819 0.140
1.982 -9.490 -7.049 9.576 -9.842 9.309 9.496 9.539 0.134
4.188 -14.520 -16.040 4.449 -4.359 4.540 4.580 4.588 0.332
3.909 -17.190 -19.590 5.321 -5.354 5.288 5.328 5.359 0.328
4.015 -18.450 -16.900 5.904 -5.960 5.848 5.841 5.893 0.327
4.029 -19.340 -22.070 6.216 -6.297 6.134 6.145 6.210 0.326
3.606 -21.920 -22.100 6.154 -6.240 6.068 6.144 6.219 0.328
4.908 -8.339 -6.435 6.034 -5.969 6.099 5.966 6.001 0.337
1.088 -22.860 -20.280 9.799 -10.280 9.321 9.851 9.920 0.126
1.181 -10.800 -8.190 9.932 -10.270 9.594 9.825 9.871 0.137
1.181 -7.206 -5.250 10.630 -10.990 10.280 10.500 10.550 0.133
-1.619 -20.220 -18.790 4.213 -4.397 4.030 4.306 4.330 0.132
4.628 -14.440 -12.070 5.457 -5.349 5.566 5.541 5.561 0.257
3.694 23.410 3.318 12.390 -12.660 12.130 10.660 10.720 0.175
6.919 -9.979 -9.219 5.643 -5.496 5.790 5.671 5.693 0.335
3.169 7.780 1.232 11.780 -12.230 11.330 10.880 10.930 0.173
1.952 -15.310 -13.170 5.502 -5.598 5.406 5.332 5.339 0.256
-0.223 -3.006 -8.827 10.060 -10.500 9.623 9.857 9.892 0.132
-0.168 -16.380 -14.050 4.210 -4.305 4.116 4.068 4.083 0.135
1.549 -5.135 -2.961 12.860 -13.570 12.160 12.270 12.300 0.115
3.474 -23.450 -21.540 10.670 -11.250 10.090 10.790 10.810 0.152
3.470 -23.900 -20.920 10.640 -11.190 10.080 10.760 10.780 0.152
1.125 -12.100 -7.821 9.333 -9.671 8.995 9.252 9.283 0.123
1.216 -14.810 -8.874 9.473 -9.835 9.110 9.356 9.402 0.146
1.286 -14.090 -8.552 9.503 -9.813 9.193 9.353 9.401 0.143
0.959 -18.130 -13.040 9.446 -9.752 9.139 9.417 9.475 0.143
-0.074 -4.928 -3.012 12.480 -13.330 11.620 11.960 12.000 0.140
0.369 -14.700 -9.846 10.110 -10.530 9.694 10.130 10.190 0.142
2.989 -30.320 -28.240 10.350 -10.940 9.749 10.550 10.590 0.181
1.485 -28.650 -23.210 4.131 -4.122 4.139 4.097 4.128 0.146
2.388 -22.980 -20.410 5.346 -5.373 5.319 5.310 5.342 0.259
3.328 -19.760 -18.840 5.611 -5.629 5.593 5.598 5.640 0.333
3.118 -3.468 5.194 11.910 -12.380 11.440 10.770 10.840 0.184
3.048 -0.499 4.928 11.890 -12.410 11.380 10.750 10.810 0.180
3.056 -7.192 3.392 11.920 -12.480 11.370 10.900 10.970 0.174
0.465 -4.568 -3.257 12.510 -13.430 11.580 12.170 12.210 0.133
0.373 -8.599 -6.781 11.690 -12.500 10.890 11.700 11.750 0.132
0.972 -11.020 -8.162 10.950 -11.730 10.180 11.240 11.290 0.134
0.766 -10.100 -8.512 10.980 -11.810 10.150 11.270 11.320 0.131
0.705 -9.159 -7.984 10.980 -11.800 10.160 11.260 11.310 0.130
0.758 -7.715 -7.692 10.370 -11.060 9.681 10.530 10.580 0.128
0.556 -8.120 -7.189 9.562 -10.180 8.943 9.636 9.683 0.128
0.376 -8.810 -6.924 8.570 -9.124 8.017 8.573 8.619 0.128
0.349 -9.803 -8.313 9.760 -10.500 9.018 9.927 9.975 0.127














































































Q_glycol (kW) ErrCond_tot ErrCond_a ErrCond_r Denr mr (g/s) mrc (g/s) Pcri (kPa) Pcro(kPa) DPcr(kPa)
12.100 -3.462 3.462 -1.281 1.078 52.47 53.75 2493 2388 105.1
11.370 -1.976 1.976 -0.883 1.076 52.86 53.59 2495 2389 106.1
13.510 -1.214 1.214 -0.526 1.071 53.07 53.57 2453 2348 105.1
15.220 -2.766 2.766 13.060 1.035 55.79 66.34 3202 3085 117.0
13.360 -1.249 1.249 0.383 1.067 55.83 56.92 2591 2481 110.8
16.530 -2.765 2.765 8.415 1.072 55.77 62.76 2739 2610 128.9
7.729 -0.289 0.289 -6.877 1.004 37.16 34.92 2715 2664 50.3
8.291 -7.973 7.973 -2.962 1.091 25.43 26.67 1719 1673 45.1
14.040 -5.035 5.035 -3.861 1.068 53.21 53.93 2580 2476 104.8
6.828 2.435 -2.435 -5.536 0.940 43.11 40.12 3386 3334 51.7
12.910 -6.185 6.185 -1.354 1.073 48.74 51.12 2418 2315 103.1
12.520 -3.095 3.095 -0.967 1.087 42.24 43.22 2135 2050 85.2
12.240 -3.388 3.388 -1.013 1.080 53.68 55.13 2513 2408 104.9
12.190 -3.512 3.512 -1.007 1.080 53.76 55.29 2516 2411 105.0
12.720 -4.141 4.141 -1.664 1.079 54.28 55.83 2533 2428 105.0
12.920 -5.375 5.375 -1.661 1.078 52.93 55.04 2504 2399 105.4
12.850 -5.370 5.370 -1.426 1.074 50.18 52.22 2453 2349 104.2
11.530 -2.783 2.783 0.381 1.070 50.88 52.50 2318 2211 107.0
6.976 4.879 -4.879 -4.874 0.920 39.87 36.13 3239 3189 50.0
8.219 -4.048 4.048 0.276 1.082 25.06 26.07 1619 1572 47.5
13.670 -3.700 3.700 0.628 1.069 53.65 56.01 2437 2324 112.2
16.080 -5.022 5.022 5.143 1.079 56.21 62.27 2553 2422 131.2
13.510 -5.810 5.810 -1.198 1.062 51.28 53.61 2443 2336 106.4
7.610 -1.636 1.636 -0.480 0.993 35.12 35.39 2528 2474 54.2
12.850 -1.878 1.878 5.972 1.036 56.23 61.06 2960 2847 112.9
9.176 -3.323 3.323 -5.005 1.093 47.76 47.03 2177 2080 97.4
12.990 -3.744 3.744 -2.576 1.086 55.69 56.42 2538 2423 114.7
13.030 -4.196 4.196 -1.246 1.086 56.46 58.24 2576 2459 116.0
12.800 -5.464 5.464 -3.485 1.088 55.99 57.13 2444 2325 118.4
13.810 -3.831 3.831 -0.171 1.073 49.61 51.33 2313 2199 114.3
13.830 -4.681 4.681 -1.237 1.078 54.66 56.53 2414 2292 122.3
12.470 -4.195 4.195 -0.034 1.074 52.77 54.94 2404 2287 117.0
13.240 -2.788 2.788 0.378 1.074 52.42 54.08 2384 2268 115.7
8.058 2.039 -2.039 -3.114 0.942 35.79 33.85 3128 3068 60.1
9.329 -0.619 0.619 -0.714 0.945 40.44 40.41 3307 3243 64.2
9.972 -0.949 0.949 0.196 0.944 43.99 44.66 3439 3376 63.0
9.985 -1.312 1.312 0.097 0.942 45.93 46.84 3521 3459 61.5
10.230 -1.399 1.399 -1.051 0.941 46.90 47.39 3550 3490 59.8
9.316 1.076 -1.076 0.538 0.926 43.36 43.17 3424 3358 65.4
14.150 -4.874 4.874 -1.239 1.087 56.43 58.58 2533 2414 118.6
13.290 -3.401 3.401 0.621 1.071 54.03 56.23 2478 2361 116.2
13.230 -3.317 3.317 0.784 1.068 56.28 58.64 2563 2441 122.0
8.066 -4.357 4.357 -2.781 1.087 27.17 27.53 1681 1624 56.4
8.849 1.988 -1.988 -1.890 0.998 38.90 37.31 2685 2626 58.9
16.900 -2.127 2.127 13.480 1.032 56.22 66.58 3177 3048 128.8
8.473 2.607 -2.607 -0.873 0.930 41.39 39.92 3345 3288 57.3
16.110 -3.856 3.856 7.227 1.040 56.43 63.27 3015 2893 122.2
9.546 -1.740 1.740 2.966 1.001 35.98 37.54 2618 2559 58.8
15.030 -4.378 4.378 1.709 1.076 51.98 55.17 2419 2304 115.6
7.682 -2.237 2.237 3.034 1.091 24.60 25.84 1635 1584 51.5
16.380 -5.514 5.514 4.384 1.082 56.50 62.36 2632 2491 140.3
14.850 -5.437 5.437 -1.305 1.062 54.39 56.56 2629 2508 121.7
14.870 -5.194 5.194 -1.387 1.062 54.31 56.31 2624 2504 120.3
13.110 -3.617 3.617 0.540 1.079 49.72 51.74 2307 2193 113.8
13.280 -3.825 3.825 0.742 1.107 50.72 53.04 2064 2018 46.0
13.480 -3.262 3.262 1.072 1.107 50.98 53.21 2075 2028 46.5
13.810 -3.248 3.248 -0.309 1.108 52.50 54.07 2107 2057 49.9
17.010 -6.847 6.847 3.827 1.116 56.40 62.69 2259 2198 61.0
13.650 -4.133 4.133 -0.759 1.108 54.87 56.76 2181 2129 51.6
14.240 -5.774 5.774 -2.390 1.097 54.88 56.70 2280 2226 54.9
7.770 0.202 -0.202 0.050 1.107 26.54 26.47 1513 1489 24.7
9.504 -0.504 0.504 0.076 1.032 38.08 38.25 2401 2360 41.7
9.145 -0.317 0.317 -0.516 0.972 43.19 43.14 3083 3052 31.7
16.210 -3.932 3.932 9.023 1.076 56.40 64.58 2732 2680 52.8
16.220 -4.325 4.325 9.070 1.076 56.39 64.85 2722 2669 52.2
15.280 -4.623 4.623 8.041 1.082 56.64 64.59 2721 2671 50.7
17.760 -7.381 7.381 2.398 1.122 56.59 62.29 2263 2204 59.1
17.840 -6.900 6.900 -0.479 1.122 56.58 60.21 2171 2116 55.7
15.660 -7.063 7.063 -3.050 1.124 55.98 58.18 2121 2065 56.0
15.710 -7.585 7.585 -3.119 1.123 56.07 58.51 2126 2070 56.3
15.720 -7.491 7.491 -3.001 1.124 56.06 58.52 2126 2070 56.0
15.830 -6.641 6.641 -2.051 1.124 53.88 56.31 2050 1997 52.9
15.000 -6.477 6.477 -1.264 1.124 50.67 53.27 1949 1902 46.8
14.020 -6.460 6.460 -0.566 1.125 46.58 49.30 1838 1791 46.8
14.160 -7.602 7.602 -2.204 1.124 51.84 54.58 1987 1936 50.2














































































Tcri  (C) Tcro  (C) Tori  (C) T_cond  (C) DT_sub  (C) DT_subF (F) Tcn2  (C) DPca DPcn Rc RHc
95.66 57.42 57.59 75.51 18.09 32.56 59.69 55.1 427.3 92073 0.4
95.65 57.37 57.28 75.53 18.15 32.68 59.72 53.2 429.4 91862 0.4
94.38 57.20 57.06 74.72 17.52 31.54 59.66 73.6 427.7 91298 0.4
115.40 66.16 66.67 87.58 21.42 38.56 69.08 77.9 440.5 89380 0.4
99.65 58.35 58.30 77.26 18.91 34.05 60.98 73.1 432.0 91366 0.4
113.00 56.71 56.74 79.63 22.92 41.26 59.32 103.5 738.6 120335 0.4
89.34 71.69 72.21 80.59 8.90 16.02 70.79 55.0 312.8 74193 0.4
68.26 52.12 52.83 59.81 7.69 13.85 51.27 42.3 296.7 78541 0.4
101.90 59.55 59.99 77.17 17.62 31.71 60.86 87.9 741.9 120028 0.4
102.50 82.90 82.83 91.35 8.45 15.21 81.94 64.0 322.6 72089 0.4
101.30 57.64 58.57 74.08 16.44 29.59 59.15 54.1 427.1 92149 0.4
82.57 54.18 54.35 68.61 14.43 25.98 55.80 53.2 426.5 93206 0.4
92.89 57.10 57.19 75.89 18.79 33.82 59.68 55.0 428.3 92119 0.4
92.93 57.04 57.22 75.95 18.91 34.04 59.65 54.9 428.9 92141 0.4
91.64 56.89 57.31 76.28 19.39 34.90 59.63 53.9 427.3 91988 0.4
94.16 57.00 57.98 75.71 18.71 33.68 59.47 53.9 426.8 92083 0.4
99.42 57.61 58.41 74.75 17.14 30.85 59.39 54.1 427.0 92092 0.4
98.32 58.48 59.08 71.99 13.51 24.32 59.62 55.7 429.5 92031 0.4
106.90 84.32 84.30 89.19 4.87 8.77 82.17 62.6 304.7 69854 0.4
68.68 55.27 55.39 57.17 1.90 3.43 51.71 42.8 297.0 78578 0.4
105.10 59.39 59.79 74.27 14.88 26.79 60.99 56.1 432.5 91669 0.4
120.70 57.53 57.93 76.15 18.63 33.53 59.56 85.6 747.3 121298 0.4
106.90 60.56 60.99 74.50 13.94 25.10 60.97 89.9 746.1 120142 0.4
91.91 72.62 72.48 77.14 4.52 8.14 70.53 55.7 305.4 73625 0.4
122.30 66.80 66.83 83.73 16.92 30.46 69.33 61.3 440.6 90206 0.4
87.94 56.61 56.75 69.26 12.65 22.77 57.34 53.8 423.5 91717 0.4
103.00 59.10 59.18 76.17 17.08 30.74 60.75 57.0 430.1 91623 0.4
100.70 58.95 58.97 76.87 17.92 32.26 60.86 57.1 430.7 91606 0.4
99.07 58.89 59.42 74.29 15.40 27.72 60.07 56.4 429.5 91621 0.4
112.50 60.40 60.76 71.75 11.34 20.41 60.65 57.6 430.8 91830 0.4
102.90 59.83 60.37 73.63 13.79 24.83 60.65 57.4 432.7 92002 0.4
107.70 60.12 60.48 73.53 13.41 24.14 61.08 59.5 431.1 91741 0.4
103.30 59.37 59.39 73.15 13.78 24.80 60.64 59.8 429.3 91334 0.4
104.90 83.85 83.65 87.31 3.46 6.22 81.19 62.0 309.4 70416 0.4
110.30 84.39 84.09 89.99 5.60 10.08 82.85 63.2 310.4 70262 0.4
113.30 84.94 84.75 91.95 7.01 12.62 84.02 62.6 310.6 70117 0.4
115.60 85.42 85.24 93.14 7.71 13.88 84.84 62.3 303.3 69151 0.4
114.10 85.39 85.47 93.57 8.18 14.72 84.87 63.8 304.4 69403 0.4
117.70 86.05 86.03 91.69 5.64 10.15 84.92 63.8 305.9 69670 0.4
99.49 58.71 58.99 76.01 17.29 31.13 60.47 56.9 433.1 91913 0.4
106.40 60.58 60.57 74.99 14.42 25.95 62.11 56.1 390.9 86963 0.4
111.30 60.73 60.83 76.52 15.80 28.43 62.46 59.5 430.2 90877 0.4
70.35 55.14 55.40 58.56 3.42 6.15 52.76 45.8 296.0 78000 0.4
97.08 74.40 74.13 79.91 5.52 9.93 72.62 58.3 306.2 72894 0.4
130.30 68.97 68.73 87.00 18.03 32.46 71.32 62.5 442.2 89098 0.4
116.20 85.90 85.51 90.66 4.76 8.56 84.04 65.5 305.4 69587 0.4
130.40 68.39 68.35 84.49 16.10 28.98 69.81 63.3 438.1 89221 0.4
100.30 74.51 74.06 78.70 4.20 7.55 71.99 58.0 305.0 73086 0.4
111.20 60.07 60.07 73.86 13.79 24.81 61.01 59.3 431.5 91449 0.4
75.62 55.59 55.13 57.49 1.90 3.41 52.13 46.3 295.8 78140 0.4
135.00 59.76 59.41 77.46 17.70 31.87 60.44 81.8 743.1 120484 0.4
125.70 64.34 63.85 77.77 13.43 24.18 63.30 84.4 747.1 119167 0.4
125.40 64.30 63.80 77.69 13.39 24.10 63.27 84.2 747.2 119195 0.4
106.40 59.58 59.53 71.63 12.05 21.69 59.79 54.6 429.7 91702 0.4
95.20 53.96 54.00 67.92 13.96 25.13 60.41 26.7 430.3 91450 0.4
94.44 53.87 53.83 68.13 14.26 25.67 60.51 26.8 432.4 91644 0.4
91.17 53.44 53.66 68.75 15.31 27.56 60.59 43.3 430.3 91284 0.4
116.60 51.41 51.58 71.73 20.32 36.58 59.64 59.5 743.0 120620 0.4
96.44 53.61 53.76 70.30 16.68 30.03 61.11 42.9 429.7 91148 0.4
106.90 56.29 56.22 72.29 16.01 28.81 62.52 62.9 746.2 119160 0.4
60.23 51.88 51.91 54.93 3.04 5.48 52.57 34.8 295.5 77774 0.4
84.65 68.98 69.25 74.96 5.98 10.77 71.64 45.7 303.6 72773 0.4
100.90 80.05 80.46 87.05 7.01 12.61 83.43 51.2 303.2 69204 0.4
116.90 61.00 61.32 80.86 19.86 35.75 70.37 46.2 435.3 88568 0.4
116.50 60.95 61.29 80.69 19.73 35.52 70.23 46.1 435.4 88611 0.4
117.60 60.73 61.20 80.71 19.98 35.97 69.81 46.4 442.8 90229 0.4
119.20 51.50 51.43 71.85 20.36 36.64 59.70 60.8 745.3 121089 0.4
110.90 51.00 50.96 70.02 19.02 34.23 58.79 60.9 744.4 121406 0.4
105.10 50.75 50.63 68.94 18.19 32.74 57.72 60.7 744.5 121791 0.4
105.40 50.81 50.64 69.04 18.23 32.82 57.79 60.7 741.0 121463 0.4
105.30 50.79 50.61 69.04 18.24 32.84 57.78 60.6 741.1 121477 0.4
99.51 50.42 50.25 67.44 17.03 30.65 57.06 60.4 739.9 121710 0.4
93.45 50.05 49.84 65.31 15.26 27.46 55.93 60.1 738.5 122105 0.4
86.48 49.66 49.47 62.71 13.04 23.48 54.63 59.7 737.0 122563 0.4
95.18 50.18 49.98 66.09 15.91 28.64 56.04 60.1 740.1 122137 0.4














































































Peri(kPa) Pero(kPa) DPer(kPa) Teri (C) Tero  (C) T_evap  (C) DT_sup  (C) DT_supF (F) x_in x_out x_out_o_m
552 462 89.52 17.84 18.84 13.27 5.57 10.02 0.325 0.921 0.919
548 462 86.02 18.24 19.16 13.22 5.94 10.70 0.323 0.919 0.935
539 459 80.37 18.54 18.66 13.05 5.61 10.11 0.324 0.898 0.921
683 586 97.04 25.71 34.14 20.78 13.36 24.05 0.366 0.990 1.023
578 493 85.02 20.80 22.91 15.29 7.62 13.72 0.321 0.936 0.951
560 456 104.00 18.89 20.41 12.87 7.54 13.58 0.316 0.918 0.941
560 512 48.36 18.59 18.92 16.45 2.47 4.45 0.452 0.957 0.969
370 342 28.15 6.02 6.23 4.31 1.92 3.46 0.350 0.851 0.856
479 388 90.88 13.78 11.02 7.99 3.03 5.46 0.374 0.872 0.879
658 608 50.68 24.72 25.54 21.95 3.59 6.47 0.533 0.987 0.986
523 441 82.22 16.02 21.68 11.80 9.88 17.78 0.343 0.977 0.966
436 367 68.27 10.39 8.51 6.39 2.11 3.80 0.339 0.884 0.889
552 465 87.85 18.17 17.68 13.42 4.26 7.68 0.321 0.901 0.899
557 467 89.95 18.17 17.73 13.56 4.17 7.51 0.320 0.894 0.891
555 468 86.88 18.07 16.97 13.63 3.34 6.01 0.321 0.884 0.891
547 464 83.05 17.50 17.59 13.37 4.22 7.59 0.329 0.904 0.911
537 451 85.77 16.70 20.51 12.54 7.98 14.35 0.337 0.961 0.960
517 449 68.41 17.25 16.46 12.35 4.11 7.39 0.348 0.967 0.979
634 593 40.42 24.09 23.46 21.17 2.29 4.12 0.554 1.120 1.077
365 340 24.59 7.14 6.10 4.21 1.89 3.40 0.372 0.873 0.876
550 479 71.31 19.37 22.26 14.35 7.91 14.24 0.343 1.008 1.009
527 435 91.67 17.85 19.58 11.42 8.16 14.69 0.337 0.992 1.003
455 373 82.41 12.91 9.22 6.81 2.41 4.33 0.390 0.917 0.929
534 499 35.42 18.56 17.60 15.62 1.98 3.56 0.461 0.961 0.966
634 555 78.74 23.88 35.72 19.03 16.69 30.05 0.381 1.160 1.102
540 476 64.12 19.02 22.49 14.19 8.31 14.95 0.318 0.957 0.978
534 442 91.54 18.07 19.87 11.91 7.96 14.33 0.345 0.909 0.927
541 449 91.87 18.57 18.00 12.35 5.65 10.17 0.341 0.889 0.902
530 440 90.24 18.22 18.62 11.75 6.87 12.36 0.348 0.901 0.918
497 421 75.47 16.20 24.14 10.46 13.68 24.62 0.371 0.985 1.017
523 440 83.26 17.74 17.44 11.78 5.66 10.19 0.358 0.939 0.950
515 437 78.45 17.17 18.81 11.53 7.28 13.11 0.362 0.972 0.991
518 442 75.82 17.44 17.59 11.90 5.68 10.23 0.351 0.962 0.976
692 657 34.53 27.19 30.16 24.55 5.61 10.09 0.530 1.009 1.003
662 617 45.32 25.73 28.32 22.44 5.89 10.60 0.545 0.978 0.969
645 591 54.66 24.73 26.93 21.02 5.91 10.64 0.558 0.971 0.976
641 580 60.13 24.48 26.46 20.45 6.01 10.81 0.566 0.968 0.960
651 591 60.29 24.70 25.06 21.03 4.03 7.26 0.566 0.954 0.953
630 580 50.41 23.93 24.09 20.42 3.68 6.62 0.576 1.009 1.016
538 447 91.51 18.26 17.73 12.21 5.52 9.94 0.342 0.886 0.898
521 440 80.68 17.68 17.01 11.77 5.24 9.43 0.361 0.944 0.958
553 470 82.87 19.48 21.80 13.77 8.04 14.47 0.352 0.977 0.989
363 333 30.29 6.79 5.85 3.54 2.31 4.16 0.374 0.882 0.889
536 492 44.91 18.82 18.11 15.17 2.94 5.30 0.477 0.986 0.996
644 549 95.56 24.33 33.08 18.65 14.43 25.98 0.398 1.180 1.020
625 576 48.48 23.85 27.32 20.22 7.10 12.78 0.571 1.042 1.045
632 542 89.84 23.77 39.13 18.27 20.86 37.55 0.397 1.115 1.068
535 494 41.09 18.86 21.55 15.29 6.26 11.26 0.476 0.943 0.952
534 456 77.78 18.54 26.52 12.86 13.66 24.59 0.352 1.008 0.972
359 332 26.91 6.72 7.57 3.47 4.11 7.39 0.373 0.894 0.905
526 423 103.70 18.01 24.65 10.54 14.11 25.40 0.351 0.983 0.996
467 368 99.88 14.17 11.51 6.42 5.09 9.16 0.413 0.905 0.912
467 367 99.65 14.12 11.42 6.37 5.04 9.08 0.412 0.904 0.916
505 431 74.08 16.78 22.07 11.15 10.92 19.65 0.357 0.960 0.985
500 428 71.45 16.66 17.67 10.93 6.74 12.13 0.311 0.918 0.952
500 428 71.33 16.72 16.84 10.96 5.88 10.59 0.309 0.920 0.952
508 433 75.22 17.09 16.19 11.24 4.95 8.91 0.305 0.901 0.928
511 414 96.99 17.23 18.06 9.92 8.15 14.66 0.288 0.933 0.945
539 462 77.71 19.12 20.71 13.22 7.49 13.48 0.294 0.923 0.951
449 354 95.01 13.03 8.76 5.32 3.44 6.20 0.353 0.859 0.867
361 332 29.68 6.96 5.84 3.46 2.38 4.28 0.346 0.866 0.889
534 490 43.65 18.57 17.55 15.09 2.46 4.42 0.431 0.909 0.919
618 567 50.90 23.18 22.20 19.71 2.48 4.47 0.517 0.945 0.948
636 547 89.01 24.03 34.06 18.52 15.54 27.97 0.330 0.991 1.050
633 544 88.76 23.87 33.53 18.40 15.14 27.24 0.330 1.005 1.043
631 543 87.24 23.69 34.56 18.33 16.23 29.22 0.330 0.973 1.043
513 415 97.99 17.31 20.50 10.01 10.49 18.89 0.286 0.956 0.965
512 421 90.97 17.25 21.56 10.40 11.17 20.10 0.282 0.955 0.966
518 433 85.44 17.67 22.34 11.27 11.07 19.92 0.276 0.959 0.977
520 434 85.38 17.78 22.57 11.36 11.21 20.17 0.276 0.961 0.971
519 434 85.48 17.79 22.47 11.33 11.13 20.04 0.276 0.966 0.973
523 444 78.12 18.02 23.57 12.06 11.50 20.70 0.271 0.976 0.976
529 461 67.76 18.47 24.92 13.20 11.72 21.10 0.264 0.968 0.974
542 487 55.29 19.34 26.34 14.89 11.45 20.60 0.254 0.955 0.968
527 456 71.48 18.35 24.33 12.84 11.48 20.67 0.266 0.954 0.963














































































DG_gps (g/s) DG_gps_o_m (g/s) Dslope_new_method (g/s) Dslope (g/s) Ts  (C) Tw  (C) Tdpei  (C) Tdpeo  (C) Tdpeo_old  (C) Rhea_out
1.121 1.112 0.002 0.002 99.5 24.9 26.8 20.0 20.0 0.826
1.083 1.144 0.002 0.003 99.3 25.3 26.9 20.3 19.9 0.829
1.058 1.144 0.002 0.003 100.4 25.4 26.7 20.2 19.5 0.813
0.929 1.076 0.002 0.002 100.2 34.6 33.3 29.7 29.1 0.738
1.471 1.533 0.003 0.003 100.3 27.2 30.6 23.1 22.7 0.836
1.608 1.706 0.004 0.004 100.3 26.1 30.6 22.0 21.3 0.859
0.040 0.070 0.000 0.000 98.7 25.5 19.1 18.7 18.5 0.760
0.417 0.427 0.001 0.001 99.1 14.7 15.5 8.4 8.2 0.886
0.157 0.185 0.000 0.000 99.1 26.4 15.4 13.8 13.5 0.704
0.002 0.000 0.000 0.000 25.8 25.6 23.6 23.5 23.6 0.732
1.160 1.123 0.003 0.002 99.0 24.1 26.7 19.6 19.9 0.841
-0.003 0.012 0.000 0.000 24.0 24.7 9.7 9.7 9.5 0.667
1.084 1.078 0.002 0.002 99.5 25.0 26.6 20.0 20.1 0.829
1.100 1.086 0.002 0.002 99.4 25.0 26.8 20.2 20.3 0.833
1.076 1.104 0.002 0.002 99.3 25.0 26.7 20.2 20.0 0.841
1.111 1.137 0.002 0.003 98.9 24.8 26.9 20.2 20.0 0.856
1.157 1.152 0.003 0.003 99.1 24.4 26.9 19.8 19.9 0.844
1.162 1.206 0.003 0.003 98.4 24.3 26.8 19.6 19.3 0.829
0.113 0.000 0.000 0.000 26.0 27.0 16.1 15.0 16.1 0.441
0.401 0.407 0.001 0.001 99.1 15.4 15.4 8.6 8.4 0.871
1.567 1.575 0.003 0.003 98.2 26.4 30.7 22.6 22.6 0.859
1.761 1.810 0.004 0.004 98.0 25.0 30.7 21.4 21.0 0.875
0.241 0.286 0.001 0.001 99.2 23.8 15.7 13.2 12.7 0.715
0.067 0.079 0.000 0.000 99.3 28.9 19.0 18.4 18.3 0.751
1.297 1.049 0.003 0.002 98.9 33.4 33.5 28.1 29.3 0.711
0.968 1.040 0.002 0.002 99.3 25.0 26.8 20.9 20.4 0.825
1.074 1.143 0.002 0.003 98.8 25.5 26.8 20.2 19.7 0.835
1.089 1.141 0.002 0.003 98.8 25.6 26.8 20.2 19.8 0.839
1.075 1.140 0.002 0.003 97.5 25.4 26.8 20.2 19.7 0.842
1.094 1.209 0.002 0.003 98.5 24.0 26.8 20.2 19.4 0.861
1.139 1.182 0.003 0.003 98.4 24.6 26.7 19.7 19.4 0.849
1.159 1.232 0.003 0.003 98.8 24.2 26.8 19.6 19.0 0.853
1.125 1.179 0.002 0.003 99.0 24.7 26.8 19.8 19.4 0.840
0.015 0.001 0.000 0.000 34.4 29.8 26.5 26.3 26.5 0.761
0.027 0.002 0.000 0.000 30.8 34.6 24.8 24.6 24.8 0.748
0.032 0.049 0.000 0.000 30.2 32.3 23.8 23.5 23.5 0.747
0.032 0.003 0.000 0.000 29.8 30.8 23.4 23.1 23.3 0.743
0.008 0.006 0.000 0.000 32.2 30.0 23.5 23.4 23.4 0.746
-0.024 -0.001 0.000 0.000 29.5 25.3 22.9 23.0 22.9 0.749
1.083 1.132 0.002 0.002 99.3 25.5 26.8 20.2 19.8 0.845
1.140 1.197 0.003 0.003 98.2 24.6 26.8 19.7 19.3 0.843
1.530 1.578 0.003 0.003 98.9 26.2 30.5 22.5 22.2 0.870
0.426 0.439 0.001 0.001 99.4 14.9 15.5 8.2 7.9 0.873
0.077 0.105 0.000 0.000 99.6 29.0 19.0 18.4 18.2 0.759
1.527 0.791 0.003 0.002 99.3 32.0 33.5 26.8 30.3 0.722
-0.009 0.000 0.000 0.000 25.2 25.8 18.7 18.8 18.7 0.554
1.227 1.021 0.003 0.002 98.8 34.0 33.3 28.2 29.2 0.675
0.085 0.109 0.000 0.000 99.0 28.8 19.2 18.5 18.4 0.736
1.611 1.471 0.004 0.003 98.2 26.2 30.7 22.3 23.2 0.830
0.396 0.417 0.001 0.001 99.8 15.8 15.4 8.8 8.4 0.866
1.674 1.733 0.004 0.004 99.3 25.5 30.6 21.6 21.2 0.841
0.192 0.222 0.000 0.000 99.3 26.4 15.5 13.5 13.2 0.688
0.180 0.228 0.000 0.001 99.2 26.4 15.3 13.4 12.9 0.685
1.052 1.141 0.002 0.003 98.9 25.1 26.8 20.3 19.6 0.863
1.110 1.237 0.002 0.003 98.2 25.4 26.7 19.8 18.9 0.848
1.124 1.243 0.002 0.003 98.5 25.4 26.8 19.8 18.9 0.851
1.118 1.222 0.002 0.003 99.3 25.0 26.8 19.9 19.1 0.841
1.768 1.822 0.004 0.004 99.1 25.1 30.7 21.1 20.7 0.904
1.506 1.619 0.003 0.004 98.8 26.6 30.6 22.8 22.0 0.889
0.259 0.293 0.001 0.001 99.6 27.1 15.6 12.8 12.4 0.684
0.393 0.438 0.001 0.001 99.5 16.2 15.4 8.7 7.8 0.878
0.083 0.111 0.000 0.000 99.3 30.9 19.0 18.3 18.1 0.745
-0.011 0.000 0.000 0.000 30.3 26.8 21.9 22.0 21.9 0.721
0.983 1.251 0.002 0.003 99.2 34.9 33.4 29.4 28.2 0.763
1.043 1.214 0.002 0.003 99.1 34.8 33.3 29.0 28.2 0.760
0.928 1.241 0.002 0.003 98.6 35.0 33.3 29.6 28.2 0.776
1.851 1.889 0.004 0.004 98.5 24.2 30.8 20.7 20.4 0.858
1.784 1.834 0.004 0.004 98.2 24.3 30.7 21.1 20.7 0.866
1.718 1.793 0.004 0.004 99.0 24.9 30.6 21.3 20.8 0.860
1.755 1.797 0.004 0.004 99.0 24.9 30.7 21.3 21.0 0.854
1.777 1.809 0.004 0.004 98.9 25.0 30.7 21.1 20.9 0.847
1.751 1.752 0.004 0.004 99.1 25.3 30.7 21.3 21.3 0.837
1.641 1.665 0.004 0.004 99.0 25.8 30.6 22.0 21.9 0.844
1.479 1.523 0.003 0.003 99.0 26.7 30.6 23.1 22.8 0.856
1.638 1.676 0.004 0.004 99.1 25.7 30.5 21.9 21.6 0.850














































































Rhea_out_o_m Teao  (C) Ten1  (C) Ten2  (C) DPea (Pa) DPen (Pa) Re We (W) We1 (W) We2 (W) Prcpi(kPa) P_ratio eta_idia eta_isen
0.829 23.4 23.1 23.1 209 228 78428 2977 2977 -18 394 6.336 0.783 0.831
0.807 23.9 23.4 23.4 213 228 77958 3056 3056 58 392 6.361 0.769 0.841
0.781 24.1 23.5 23.6 199 227 77373 2925 2925 58 384 6.390 0.759 0.858
0.713 35.4 36.2 33.9 220 246 75446 5060 5060 57 502 6.382 0.806 0.851
0.817 26.6 26.3 25.9 202 226 76161 2560 2502 58 418 6.197 0.774 0.840
0.824 25.1 24.7 24.4 217 216 74968 2714 2714 -18 345 7.951 0.809 0.725
0.750 23.7 23.2 23.2 190 225 77322 3194 3194 -17 502 5.403 0.647 0.963
0.873 10.5 10.0 10.5 113 106 56688 1476 1476 -17 341 5.034 0.724 0.922
0.691 19.7 19.3 19.3 201 225 79039 4643 4643 -17 309 8.348 0.773 0.713
0.734 29.1 28.8 28.8 175 232 76592 3332 3332 -18 605 5.599 0.660 0.932
0.856 22.8 23.0 21.8 208 228 78419 2986 2986 -17 379 6.374 0.838 0.801
0.659 16.5 15.7 16.1 188 237 83060 4490 4490 -17 318 6.726 0.736 0.844
0.832 23.3 23.1 23.1 209 228 78383 3057 3057 -18 398 6.318 0.768 0.846
0.839 23.5 23.1 23.2 209 228 78327 2970 2970 -18 398 6.317 0.768 0.847
0.831 23.2 23.1 23.0 211 228 78233 2978 2978 -17 402 6.302 0.766 0.846
0.847 22.9 22.8 22.6 210 227 78365 2939 2939 -17 395 6.346 0.797 0.832
0.847 22.9 23.0 22.2 210 228 78343 3008 3008 -17 382 6.418 0.821 0.816
0.812 23.2 22.8 22.5 211 224 77465 3024 3024 57 395 5.864 0.892 0.716
0.474 29.0 28.2 28.5 161 231 76690 3487 3430 56 592 5.469 0.757 0.721
0.863 10.9 10.1 11.2 112 105 56564 1461 1461 -17 342 4.735 0.783 0.822
0.857 25.6 25.3 25.0 218 225 76499 2787 2730 57 422 5.772 0.921 0.697
0.857 24.1 23.5 23.6 220 223 76868 2935 2878 57 345 7.400 0.948 0.601
0.692 18.7 18.2 18.6 210 222 78928 4720 4720 -17 305 8.018 0.908 0.613
0.747 23.4 23.0 23.1 204 227 77951 3150 3150 -17 490 5.158 0.824 0.774
0.761 34.9 35.6 32.5 213 229 73837 5318 5265 54 497 5.950 0.930 0.680
0.800 24.7 24.6 23.5 215 224 76520 3036 2979 57 406 5.361 0.757 0.924
0.809 22.9 23.1 23.2 216 224 77290 3063 3063 -17 326 7.793 0.802 0.815
0.820 22.8 22.8 23.2 216 224 77456 3026 3026 -17 334 7.706 0.803 0.802
0.817 22.6 23.0 23.0 212 224 77200 3032 2975 57 325 7.529 0.815 0.826
0.817 22.6 23.3 22.1 215 229 78236 3039 3039 57 327 7.072 0.914 0.709
0.832 22.3 22.2 22.6 213 227 78310 3112 3054 57 336 7.187 0.893 0.728
0.824 22.3 22.0 22.4 209 222 77575 3203 3145 57 339 7.100 0.937 0.693
0.819 22.5 22.4 22.8 217 223 77151 3190 3190 -17 350 6.818 0.915 0.707
0.766 31.0 31.3 30.9 181 228 74594 2926 2870 56 641 4.878 0.728 0.770
0.755 29.6 29.8 29.3 184 226 74873 3137 3081 56 589 5.611 0.780 0.741
0.744 28.6 28.6 28.3 186 224 75091 3300 3244 56 552 6.229 0.792 0.747
0.753 28.2 28.2 28.0 188 227 75642 3374 3318 56 536 6.563 0.799 0.735
0.747 28.2 28.1 28.5 186 229 76205 3340 3340 -17 549 6.468 0.792 0.719
0.743 27.6 27.5 28.3 186 229 76632 3503 3446 57 545 6.288 0.867 0.626
0.827 22.7 22.9 22.9 214 224 77228 3036 2980 57 333 7.615 0.811 0.808
0.820 22.4 22.3 22.7 213 221 77118 3102 3102 -17 341 7.261 0.930 0.686
0.854 24.7 24.7 24.9 219 221 75987 2744 2744 -17 366 7.012 0.939 0.682
0.856 10.1 9.6 10.8 116 106 56745 1570 1570 -17 308 5.463 0.771 0.888
0.749 22.7 22.4 23.4 204 222 77050 3357 3300 57 457 5.877 0.772 0.766
0.884 31.5 33.5 31.5 217 223 73002 5480 5425 55 434 7.324 0.955 0.641
0.553 28.6 28.7 28.4 161 227 75750 3490 3490 -17 542 6.176 0.806 0.696
0.714 34.3 36.8 33.4 216 235 73823 5120 5137 -17 437 6.907 0.945 0.688
0.728 23.0 23.2 23.8 206 226 77634 3073 3090 -17 462 5.671 0.859 0.768
0.877 25.2 26.1 24.7 218 221 75550 2511 2529 -17 361 6.702 0.927 0.733
0.840 10.6 10.6 11.4 122 108 56960 1555 1572 -17 309 5.300 0.862 0.830
0.820 24.3 24.8 24.1 208 220 75808 2871 2814 57 261 10.080 0.945 0.618
0.673 19.0 18.7 20.0 200 220 78260 4713 4713 -17 222 11.820 0.906 0.598
0.662 18.9 18.7 20.0 199 220 78313 4717 4734 -17 223 11.790 0.903 0.597
0.829 22.2 23.8 21.6 209 222 76603 3076 3093 -17 340 6.788 0.904 0.734
0.798 22.0 23.3 21.7 201 224 76960 3135 3078 57 336 6.141 0.914 0.755
0.803 21.9 23.1 21.7 202 223 76899 3146 3089 57 339 6.126 0.916 0.748
0.800 22.0 23.3 22.1 202 224 76944 3090 3106 -17 336 6.267 0.870 0.789
0.882 22.2 23.6 21.9 205 220 76058 2876 2893 -17 250 9.036 0.938 0.658
0.850 24.2 25.6 23.9 204 221 75618 2681 2698 -17 360 6.054 0.889 0.776
0.668 17.8 19.3 18.1 195 221 78150 4756 4773 -17 214 10.670 0.875 0.641
0.821 10.3 11.3 10.1 123 105 55743 1623 1564 58 306 4.945 0.622 1.152
0.735 22.8 23.6 22.5 200 225 76995 3219 3237 -17 455 5.276 0.733 0.920
0.720 27.0 27.8 27.0 176 226 75558 3434 3452 -17 529 5.826 0.774 0.793
0.711 33.2 36.8 31.5 207 226 72239 5255 5200 55 434 6.290 0.919 0.733
0.727 32.8 36.5 31.2 207 227 72515 5292 5237 56 432 6.304 0.925 0.733
0.716 33.1 37.0 31.2 217 231 73579 5198 5215 -17 434 6.269 0.934 0.725
0.843 23.1 24.1 22.3 217 219 76065 2880 2897 -17 251 9.021 0.939 0.665
0.848 23.2 24.3 22.5 216 219 75933 2845 2862 -17 280 7.762 0.937 0.708
0.832 23.6 24.7 23.0 218 221 75946 2877 2893 -17 308 6.890 0.916 0.736
0.839 23.8 24.8 23.1 218 222 76141 2844 2861 -17 309 6.877 0.922 0.734
0.836 23.8 24.7 23.0 218 222 76274 2841 2857 -17 309 6.883 0.922 0.735
0.837 24.2 25.1 23.4 218 223 76175 2791 2808 -17 336 6.094 0.913 0.776
0.836 24.8 25.8 23.9 216 224 76042 2680 2697 -17 377 5.167 0.915 0.802
0.842 25.6 26.6 24.7 215 225 76002 2560 2577 -17 422 4.355 0.904 0.857
0.837 24.4 25.5 23.6 218 224 76176 2692 2708 -17 362 5.489 0.912 0.802














































































eta_m eta_v Trcpi  (C) Trcpo  (C) Fc (in-lbf) Tcc  (C) ENN Verdate Xoil (CycTime) Time of one cycle (s) (ON %) ratio of on time to CycTime
0.651 0.623 16.4 96.3 154 34.18 2 52299 0.01
0.647 0.624 16.4 96.1 154 34.8 2 52299 0.01
0.651 0.637 15.8 94.7 154 25.99 2 52299 0.01
0.686 0.642 34.7 116.7 191 20.92 2 52299 0.01
0.650 0.632 21.1 100.2 163 25.92 2 52299 0.01
0.586 0.510 18.0 113.1 139 36.87 2 52299 0.01
0.622 0.585 18.2 90.8 172 29.79 2 52299 0.01
0.667 0.647 5.0 69.4 119 29.35 2 52299 0.01
0.551 0.462 4.4 101.7 122 28.66 2 52299 0.01
0.615 0.562 24.7 103.5 202 28.24 2 52299 0.01
0.671 0.636 22.3 102.8 148 33.78 2 52299 0.01
0.621 0.593 2.9 83.1 129 33.1 2 52299 0.01
0.649 0.622 13.7 93.5 155 34.15 2 52299 0.01
0.651 0.623 13.9 93.6 155 34.15 2 52299 0.01
0.648 0.619 12.5 92.5 155 33.85 2 52299 0.01
0.662 0.633 15.4 95.6 154 33.57 2 52299 0.01
0.670 0.638 20.4 100.8 150 34.09 2 52299 0.01
0.639 0.612 18.3 99.9 148 32.66 2 52299 0.01
0.545 0.519 24.8 108.3 204 31.68 2 52299 0.01
0.644 0.629 4.4 69.4 116 32.2 2 52299 0.01
0.642 0.623 24.0 106.5 159 31.76 2 52299 0.01
0.570 0.512 20.8 122.2 139 32.85 2 52299 0.01
0.557 0.468 5.3 107.9 119 31.78 2 52299 0.01
0.638 0.608 17.5 92.8 166 34.22 2 52299 0.01
0.633 0.602 36.5 123.6 186 32.74 2 52299 0.01
0.700 0.963 19.2 87.7 115 35.78 2 52299 0.01
0.653 0.985 14.3 102.5 125 38.18 2 52299 0.01
0.644 0.972 11.1 100.0 127 39.87 2 52299 0.01
0.673 0.995 13.1 99.0 120 39.25 2 52299 0.01
0.648 0.929 23.2 112.6 115 33.63 2 52299 0.01
0.651 0.951 13.6 103.0 120 37.26 2 52299 0.01
0.649 0.929 16.8 107.9 118 22.65 2 52299 0.01
0.646 0.924 14.5 103.0 118 25.52 2 52299 0.01
0.560 0.819 29.1 105.3 176 37.01 2 52299 0.01
0.578 0.886 26.8 110.5 185 39.08 2 52299 0.01
0.591 0.921 25.0 113.3 187 39.5 2 52299 0.01
0.588 0.930 24.2 115.5 190 40.02 2 52299 0.01
0.569 0.908 22.4 114.3 193 39.5 2 52299 0.01
0.543 0.837 23.1 118.3 183 23.9 2 52299 0.01
0.656 0.984 11.2 99.1 125 42 2 52299 0.01
0.638 0.928 13.3 106.2 121 24.64 2 52299 0.01
0.641 0.922 19.1 111.2 126 25.86 2 52299 0.01
0.684 0.913 2.3 70.3 86 24.57 2 52299 0.01
0.591 0.849 15.2 96.8 140 24.64 2 52299 0.01
0.612 0.915 30.6 130.3 158 40.87 2 52299 0.01
0.561 0.849 26.5 116.2 178 31.11 2 52299 0.01
0.650 0.953 37.5 130.5 152 39.4 2 52299 0.01
0.660 0.929 20.6 99.9 137 34.13 2 52299 0.01
0.679 0.966 24.6 110.8 121 38.53 2 52299 0.01
0.715 0.937 6.9 75.4 84 32.85 2 52299 0.01
0.584 0.913 20.6 134.8 119 37.79 2 52299 0.01
0.541 0.907 2.7 125.0 116 36.65 2 52299 0.01
0.539 0.902 2.5 124.7 116 36.73 2 52299 0.01
0.663 0.948 19.8 105.9 116 34.53 2 52299 0.01
0.690 0.959 14.6 94.5 105 37.14 2 52299 0.01
0.685 0.948 13.4 93.6 105 38.38 2 52299 0.01
0.686 0.962 11.5 90.7 107 32.75 2 52299 0.01
0.618 0.928 12.8 116.2 105 36.12 2 52299 0.01
0.690 0.960 17.0 95.8 111 34.51 2 52299 0.01
0.561 0.913 -5.2 106.1 104 34.82 2 52299 0.01
0.717 0.944 2.1 58.6 80 29.81 2 52299 0.01
0.674 0.930 14.3 85.1 126 31.08 2 52299 0.01
0.614 0.906 19.5 102.1 164 31.6 2 52299 0.01
0.673 0.955 31.9 117.0 139 34.03 2 52299 0.01
0.678 0.962 31.4 116.5 139 34.23 2 52299 0.01
0.678 0.958 32.6 117.9 138 33.29 2 52299 0.01
0.624 0.933 15.7 118.6 104 30.86 2 52299 0.01
0.663 0.952 17.7 110.2 103 30.74 2 52299 0.01
0.675 0.947 18.8 104.4 104 30.06 2 52299 0.01
0.677 0.949 19.0 104.7 105 30.48 2 52299 0.01
0.677 0.950 18.8 104.5 105 30.69 2 52299 0.01
0.708 0.965 20.5 98.6 103 32.15 2 52299 0.01
0.734 0.960 22.4 92.5 100 33.47 2 52299 0.01
0.775 0.969 24.5 85.5 96 32.58 2 52299 0.01
0.731 0.973 21.6 94.1 102 32.17 2 52299 0.01














































































h_compout (kJ/kg) hci (kJ/kg) hco (kJ/kg) hei (kJ/kg) heo (kJ/kg) h_exit (kJ/kg) h_exit_o_m (kJ/kg) h_compin (kJ/kg) Vc (rpm) Tcai  (C)
306.4 305.5 132.6 132.8 259.3 239.7 239.3 258.7 1802 43.6
306.1 305.4 132.5 132.4 259.6 239.3 242.2 258.8 1802 43.3
304.9 304.5 132.2 132 259.2 235.4 239.5 258.4 1801 43.1
322.9 321.2 147.1 148 271.2 256.1 261.7 273.6 1800 49.1
310 309.2 134.1 134 262.4 243.5 246.2 262.6 1801 43.1
325 324.9 131.7 131.7 261 239.1 243.1 261.6 3001 43.2
293.5 291.1 155.9 156.7 258 247.8 250 257.6 951.7 60.7
286 284.5 123.8 124.9 250.8 220.6 221.5 249.6 951.3 43.3
312.3 312.5 136 136.7 253.9 227.6 228.9 247.1 3002 48.8
298.7 296.8 176.5 176.3 262.1 256 255.9 261.3 950.2 71.2
316.4 314.4 132.8 134.3 262.6 248.9 247 264.6 1801 43.9
295.2 294.5 127.3 127.5 252.1 228.6 229.5 248.5 1803 43.3
302 301.2 132.1 132.2 258.1 236.2 235.9 256.1 1803 43.5
302.1 301.2 132 132.3 258.1 235.1 234.5 256.3 1803 43.5
300.2 298.9 131.8 132.4 257.3 233.3 234.6 254.8 1801 43.7
305.2 303.2 131.9 133.5 258 236.7 237.9 257.8 1801 43.7
313.1 311.3 132.8 134.1 261.2 246.5 246.3 262.8 1801 43.8
314.2 312.2 134.1 135 257.4 247.4 249.5 260.6 1802 43.3
309.8 307.7 179 179 260.3 279.3 271.7 261.7 950.1 71.0
288.1 287.3 128.5 128.7 250.7 224.7 225.3 249.1 951.8 43.4
320.9 319 135.6 136.2 262.2 255.8 256.1 265.2 1802 43.4
339.1 337.2 132.8 133.4 260.7 251.4 253.4 264.1 3002 43.4
322.6 321.3 137.4 138.1 252.6 235.1 237.2 251 3005 48.7
300.8 299.4 157.2 157 257.1 248.1 248.9 257.2 951.3 59.9
335.8 334.1 147.9 148 273.5 285.1 274.8 275.5 1801 49.1
300.6 301 131 131.3 262.4 246.5 250.4 261.1 1802 43.5
314 314.7 135.2 135.4 260.8 236.8 240 258.7 2637 43.4
310.1 310.9 135 135.1 258.8 233.4 235.7 255.5 2636 43.5
310.9 311 134.8 135.6 259.7 235.3 238.3 257.6 2636 43.4
330.3 330.1 137.1 137.6 265.4 249.7 255.4 266.7 2637 43.7
316.7 316.5 136.3 137.1 258.5 242.1 244.1 257.8 2635 43.5
323.2 322.9 136.7 137.3 259.9 247.9 251.3 260.6 2638 43.7
317.1 317.5 135.5 135.5 258.6 246.2 248.7 258.1 2493 43.5
307.4 306.8 178 177.6 265.5 261.3 260.2 264.9 950.1 71.4
312 311.7 179.2 178.7 264.7 254.7 253.2 263.8 1144 71.4
313.8 313.9 180.5 180.1 263.9 252.8 253.7 263 1299 71.4
315.8 316 181.5 181.2 263.7 252 250.5 262.6 1390 71.4
313.4 313.2 181.5 181.6 262 249.7 249.7 260.5 1389 71.6
321.7 320.9 182.7 182.6 261.3 259.2 260.5 261.3 1389 71.6
309.5 310 134.6 135.1 258.6 232.8 234.9 255.6 2635 43.3
319.9 320.1 137.5 137.5 258.1 242.9 245.5 257.3 2636 43.5
325.1 325.2 137.8 138 261.9 250 252.1 262 2637 43.5
288 288.1 128.3 128.7 250.7 226 227.3 248.2 1390 43.9
303.4 303.8 160.4 160 257.8 252.3 254.2 255.9 1389 60.5
341.9 341.8 151.7 151.3 271 288.2 260.1 271.2 2638 49.0
320 320 182.3 181.5 264.7 265 265.5 264.7 1299 71.4
344 344 150.6 150.5 277.1 276.8 268.5 277.7 2466 48.9
309.1 309.6 160.5 159.8 261.1 244.6 246.2 261 1300 60.1
326.6 327.1 136.6 136.6 266.8 255.1 248.6 267.3 2465 43.3
295.4 295.6 129 128.3 252.3 228.3 230.4 252.4 1299 43.1
353.7 354 136.3 135.8 265.8 249.3 251.8 265.9 4110 43.4
341.7 342.5 143.6 142.8 254.9 232.7 234.1 251.1 4109 49.2
341.4 342.3 143.6 142.8 254.9 232.6 234.8 250.9 4107 49.1
322 322.7 135.8 135.7 263.2 245.5 249.9 263.3 2461 43.2
311.4 312.3 126.9 126.9 259.1 237.7 243.9 258.7 2462 43.6
310.2 311.2 126.8 126.7 258.3 238.1 243.8 257.5 2463 43.6
305.9 306.5 126.1 126.5 257.5 234.7 239.7 255.8 2463 43.8
335.3 335.9 123.2 123.4 259.8 240 242.2 259.2 4110 43.4
311.2 312 126.5 126.7 261.1 240 245.1 260.2 2466 43.2
322.7 323.7 130.7 130.6 252.8 223.6 225.1 244.6 4111 48.9
276.9 278.9 123.2 123.3 250.7 222.9 227.4 248.1 1299 43.5
292.2 291.5 151 151.5 257.3 238.3 240.2 255.1 1299 60.0
303.2 301.3 170.9 171.6 259.8 247.4 248 258 1300 71.2
330.2 330.1 138.5 139 272.1 255 265.5 272.5 2464 49.2
329.7 329.7 138.4 138.9 271.6 257.4 264.1 272 2465 49.2
331.5 331.2 138 138.8 272.6 251.8 264.1 273.1 2465 48.8
338.2 338.9 123.3 123.2 262.1 244.2 245.7 261.9 4105 43.5
329.2 330.1 122.5 122.4 263 244.1 246.2 262.9 3488 43.5
322.8 323.6 122 121.9 263.4 245.3 248.6 263.2 3069 43.5
323.1 324 122.1 121.9 263.6 245.8 247.6 263.4 3068 43.6
322.9 323.8 122.1 121.8 263.5 246.6 248 263.2 3068 43.5
316.8 317.9 121.5 121.2 264.3 248.8 248.9 264 2670 43.5
310.8 312 120.8 120.5 265.2 248 249.1 264.8 2259 43.4
304 305.2 120.1 119.9 265.9 246.6 248.9 265.7 1847 43.4
312.2 313.5 121.1 120.8 264.7 245.2 247 264.4 2379 43.4














































































AFR_scfm_Cond(scfm) Teai (C) AFR_scfm_Evap(scfm) AFR_scfm_Evap_o_m (scfm) Rhea_in DP_suction line(kPa)
942.9 43.4 250.8 250.8 0.398 68.7
949.4 43.2 252.0 251.9 0.404 69.3
951.9 43.3 252.5 252.4 0.399 75.1
956.6 65.4 259.2 259.0 0.201 84.5
954.2 43.3 251.2 251.1 0.500 75.3
1249.0 43.3 245.9 245.8 0.501 111.7
812.2 43.5 250.5 250.4 0.248 9.6
802.4 26.8 175.7 175.6 0.499 0.2
1248.0 49.0 250.9 250.9 0.149 78.6
823.5 49.1 251.5 251.5 0.247 2.7
944.3 43.4 251.2 251.2 0.397 61.3
948.6 43.3 258.4 258.4 0.137 49.7
944.6 43.3 251.0 251.0 0.397 66.7
945.7 43.3 251.1 251.1 0.401 68.3
944.0 43.0 250.8 250.7 0.405 65.6
942.7 43.3 250.5 250.5 0.405 69.2
943.3 43.3 250.7 250.7 0.402 69.1
948.4 43.3 249.3 249.2 0.402 53.4
802.0 49.0 250.9 251.0 0.155 0.9
801.0 26.6 174.7 174.6 0.502 -1.6
952.2 43.4 249.9 249.9 0.500 56.4
1252.0 43.4 249.5 249.4 0.500 90
1254.0 49.1 250.4 250.3 0.151 67.8
799.9 43.4 250.9 250.9 0.249 8.4
947.1 65.6 247.9 248.1 0.201 57.9
949.4 43.6 250.2 250.2 0.394 70
948.6 43.1 249.5 249.4 0.406 116.4
949.5 43.1 249.9 249.8 0.405 114.4
950.4 43.3 249.9 249.9 0.401 115.2
948.4 43.3 252.3 252.1 0.402 94.3
950.8 43.4 251.4 251.4 0.399 104.3
947.8 43.3 248.6 248.5 0.401 98
950.2 43.2 249.6 249.6 0.403 92.3
810.9 48.8 249.8 249.8 0.297 16
810.2 48.8 249.0 249.0 0.269 27.3
809.0 48.7 248.5 248.5 0.254 38.4
798.7 48.8 250.0 250.0 0.247 43.9
798.5 48.9 250.4 250.4 0.247 41.9
799.3 49.0 250.4 250.3 0.238 35.2
953.5 43.2 249.8 249.7 0.403 113.9
902.1 43.3 247.8 247.7 0.402 98.8
948.4 43.2 248.1 248.1 0.500 104.1
799.6 27.2 175.3 175.3 0.486 24.8
802.6 43.4 249.5 249.5 0.250 34.6
953.9 65.5 247.0 247.6 0.202 114.9
801.4 48.9 249.0 249.0 0.185 34.5
950.1 65.6 252.1 252.3 0.199 105.7
799.7 43.2 251.0 251.0 0.255 32
952.2 43.3 248.2 248.3 0.504 95
800.2 26.9 176.9 176.9 0.495 23.2
1248.0 43.5 247.6 247.5 0.493 161.6
1251.0 49.2 248.6 248.6 0.148 145.1
1251.0 49.2 248.8 248.8 0.147 144.5
951.5 43.3 249.4 249.3 0.402 91.3
952.4 43.3 250.4 250.3 0.401 91.9
954.6 43.2 250.0 249.9 0.403 89.8
953.3 43.3 250.8 250.7 0.401 96.4
1252.0 43.3 248.4 248.3 0.501 163.8
951.0 43.3 248.7 248.6 0.499 101.3
1254.0 48.8 250.4 250.4 0.152 140
801.2 26.6 174.6 174.5 0.505 25.6
800.7 43.5 251.2 251.2 0.247 35.1
801.8 48.7 250.6 250.5 0.227 38
948.6 65.9 248.7 248.4 0.198 112.2
949.0 65.8 249.2 249.1 0.198 112.6
949.5 65.4 249.6 249.3 0.201 109.2
1250.0 43.4 247.4 247.3 0.502 164.2
1251.0 43.4 247.3 247.2 0.500 140.7
1254.0 43.4 248.0 248.0 0.498 124.9
1252.0 43.4 248.8 248.7 0.500 125
1252.0 43.4 249.1 249.0 0.500 125
1252.0 43.3 249.1 249.1 0.501 108
1253.0 43.3 249.4 249.4 0.501 84
1254.0 43.3 250.3 250.2 0.501 65.1
1254.0 43.3 249.8 249.8 0.499 93.9
1255.0 43.3 249.2 249.2 0.499 99.4
178
A$ - Filename COP COP_o_m W_comp (kW) QEvap_mean (kW)
82 m990703_H01_cond_scroll_14 2.29 2.30 3.03 6.944
83 m990707_I12_cond_scroll 2.76 2.88 0.67 1.863
84 m990707_M1_cond_scroll 3.15 3.34 1.71 5.376
85 m990708_DDH_cond_scroll 1.69 1.71 2.94 4.971
86 m990708_DDM_cond_scroll 3.10 3.18 2.09 6.475
87 m990708_M0_cond_scroll 3.12 3.11 1.64 5.102
88 m990711_DDL_cond_scroll 1.81 1.84 1.37 2.481
89 m990709_I0_cond_scroll_792 2.42 2.46 1.04 2.517
90 m990709_I0_cond_scroll_500 2.68 2.70 0.55 1.465
91 m990709_I0_cond_scroll_700 2.59 2.60 0.90 2.333
92 m990709_I0_cond_scroll_900 2.19 2.22 1.23 2.684
93 m990709_I0_cond_scroll_1100 1.89 1.94 1.56 2.944
94 m990709_I0_cond_scroll_1300 1.73 1.77 1.88 3.254
95 m990709_I0_cond_scroll_1500 1.53 1.55 2.24 3.438
96 m990720_I12_charging_conscroll_TXV 2.09 2.13 1.15 2.409
97 m990720_I12_charging2_conscroll_TXV 2.18 2.20 1.18 2.576
98 m990721_I12_charging_verify_conscroll_TXV 2.17 2.22 1.19 2.577
99 m990722_I12_chargingB_conscroll_TXV 2.22 2.25 1.18 2.629
100 m990726_I12_chargingC_conscroll_TXV 2.19 2.21 1.19 2.599
101 m990726_I12_chargingD_conscroll_TXV 2.22 2.24 1.20 2.650
102 m990726_I12_chargingE_conscroll_TXV 2.24 2.26 1.20 2.693
103 m990726_I12_chargingF_conscroll_TXV 2.24 2.25 1.24 2.769
104 m990726_I12_chargingG_conscroll_TXV.EES 2.14 2.16 1.20 2.574
105 m990729_I0_1300_conscroll_TXV 1.68 1.74 1.92 3.219
106 m990729_I0_1500_conscroll_TXV 1.51 1.54 2.25 3.405
107 m990730_I0_1100_conscroll_TXV 1.88 1.91 1.58 2.976
108 m990730_I0_900_conscroll_TXV 2.17 2.20 1.26 2.725
109 m990802_H01_1847_conscroll_TXV 2.43 2.87 1.98 4.807
110 m990802_H01_2258_conscroll_TXV 2.09 2.42 2.50 5.224
111 m990802_H01_2669_conscroll_TXV 1.84 2.11 2.98 5.479
112 m990802_H01_3079_conscroll_TXV 1.65 1.89 3.44 5.654
113 m990802_H01_3487_conscroll_TXV 1.47 1.68 3.88 5.700
114 m990802_H01_4105_conscroll_TXV 2.58 1.48 4.56 11.770
115 m990811_H01_10degSH_conscroll_manual -0.87 1.48 4.96 -4.311
116 m990811_H01_4105_13degSH_conscroll_manual -0.97 1.36 4.80 -4.641
117 m990811_H01_4105_16degSH_conscroll_manual -0.98 1.51 4.74 -4.644
118 m990811_H01_4105_2_5_degSH_conscroll_manual -0.94 1.20 5.22 -4.884
119 m990811_H01_4105_4degSH_conscroll_manual -0.91 1.39 5.07 -4.634
120 m990811_H01_4105_6degSH_conscroll_manual -0.93 1.43 4.99 -4.640
121 m990811_H01_4105_8degSH_conscroll_manual -0.94 1.46 4.95 -4.642
122 m990811_H01_4105_8degSH_conscroll_manual -0.94 1.46 4.95 -4.642
123 m990812_H01_4105_12degSH_conscroll_manual -1.01 1.52 4.82 -4.862
124 m990812_H01_4105_20degSH_conscroll_manual -1.04 1.55 4.62 -4.811
125 m990812_H01_4105_25degSH_conscroll_manual -1.08 1.52 4.51 -4.853
126 m990812_H01_4105_30degSH_conscroll_manual -1.15 1.51 4.32 -4.955
127 m990813_I0_1300_10degSH_conscroll_manual -5.01 1.80 1.90 -9.497
128 m990813_I0_1300_15degSH_conscroll_manual -5.16 1.82 1.87 -9.666
129 m990813_I0_1300_20degSH_conscroll_manual -5.35 1.81 1.84 -9.860
130 m990813_I0_1300_25degSH_conscroll_manual -5.57 1.80 1.81 -10.080
131 m990813_I0_1300_2degSH_conscroll_manual -4.93 1.59 1.93 -9.495
132 m990813_I0_1300_30degSH_conscroll_manual -5.72 1.70 1.79 -10.230
133 m990813_I0_1300_5degSH_conscroll_manual -4.86 1.74 1.94 -9.405
134 m990819_H01_4105_10degSH_conscroll_manual 1.40 1.46 4.95 6.916
135 m990819_H01_4105_25degSH_conscroll_manual 1.24 1.51 4.45 5.521
136 m990909_I12_2valve_conscroll_manual 1.34 2.32 1.19 1.596
137 m990909_I12_3degSH_conscroll_manual 2.23 2.22 1.22 2.710
138 m990909_I12_5degSH_conscroll_manual 2.29 2.26 1.20 2.743
139 m990909_I12_10degSH_conscroll_manual 2.28 2.30 1.17 2.667
140 m990909_I12_15degSH_conscroll_manual 2.14 2.25 1.14 2.447
141 m990909_I12_20degSH_conscroll_manual 1.94 2.22 1.09 2.116
142 m990829_I12_conscroll_erms 2.35 2.32 1.16 2.740
143 m990831_H01_conscroll_erms 1.30 1.48 4.47 5.814
144 m990907_I0_conscroll_erms 1.66 1.75 1.85 3.071
145 m990911_M01_conscroll_erms 1.36 1.88 2.32 3.168
146 m990911_M01_conscroll_erms_2 1.44 1.86 2.32 3.353
147 m990927_M01_20degSH_CS_SLHX_manual 2.24 2.19 2.82 6.296
148 m990927_M01_25degSH_CS_SLHX_manual 2.30 2.26 2.76 6.357
149 m990927_M01_30degSH_CS_SLHX_manual 2.36 2.31 2.73 6.446
150 m990927_M01_40degSH_CS_SLHX_manual 2.31 2.37 2.59 5.986
151 m990927_M01_45degSH_CS_SLHX_manual 2.11 2.32 2.57 5.427
152 m990927_M0_oilconc1_CS_SLHX_manual 2.13 2.10 2.87 6.126
153 m990927_M01_oilconc2_CS_SLHX_manual 2.14 2.11 2.87 6.131
154 m991004_M01_dry_5degSH_CS_SLHX_manual 1.55 1.55 2.57 3.997
155 m991012_I0_13.5degSH_CS_SLHX_manual 1.66 1.66 1.92 3.189
156 m991012_I0_20degSH_CS_SLHX_manual 1.74 1.73 1.91 3.326














































































QEvap_mean_o_m (kW) Q_latent (kW) Q_latent_o_m (kW) Q_sensible (kW) Q_Evap (kW) Q_Evap_o_m (kW) Qevap_air (kW)
6.989 4.326 4.371 2.618 6.971 7.017 6.917
1.944 0.725 0.807 1.138 1.785 1.868 1.941
5.698 3.017 3.340 2.359 5.389 5.719 5.362
5.032 0.448 0.510 4.522 5.084 5.147 4.857
6.635 1.913 2.073 4.562 6.606 6.769 6.345
5.089 2.499 2.486 2.603 5.018 5.004 5.187
2.521 -0.166 -0.126 2.647 2.606 2.645 2.357
2.554 -0.125 -0.088 2.642 2.603 2.640 2.432
1.474 -0.060 -0.051 1.525 1.513 1.522 1.416
2.338 -0.083 -0.077 2.416 2.410 2.415 2.256
2.722 -0.163 -0.124 2.846 2.807 2.846 2.560
3.021 0.048 0.125 2.896 2.984 3.063 2.904
3.312 0.301 0.360 2.953 3.265 3.325 3.242
3.487 0.384 0.434 3.053 3.465 3.515 3.410
2.453 1.046 1.090 1.363 2.387 2.433 2.430
2.593 1.156 1.172 1.421 2.544 2.561 2.609
2.635 1.136 1.194 1.441 2.567 2.627 2.587
2.658 1.160 1.189 1.469 2.599 2.629 2.660
2.620 1.185 1.206 1.414 2.561 2.583 2.637
2.683 1.227 1.260 1.423 2.600 2.634 2.699
2.724 1.211 1.241 1.482 2.654 2.686 2.732
2.786 1.284 1.301 1.485 2.727 2.745 2.810
2.594 1.204 1.223 1.371 2.520 2.540 2.629
3.341 0.218 0.340 3.001 3.288 3.413 3.150
3.471 0.323 0.388 3.082 3.490 3.558 3.320
3.017 -0.188 -0.146 3.164 3.148 3.190 2.803
2.761 -0.175 -0.139 2.900 2.871 2.908 2.578
5.663 2.369 3.225 2.439 4.895 5.771 4.720
6.041 2.721 3.538 2.503 5.299 6.135 5.149
6.291 2.899 3.710 2.580 5.558 6.389 5.399
6.488 3.033 3.866 2.622 5.724 6.577 5.585
6.506 3.057 3.864 2.643 5.773 6.599 5.627
6.748 9.145 4.125 2.623 11.950 6.808 11.590
7.343 -7.060 4.594 2.749 -4.478 7.452 -4.144
6.526 -7.406 3.762 2.764 -4.828 6.604 -4.455
7.161 -7.393 4.413 2.748 -4.831 7.252 -4.457
6.240 -7.339 3.785 2.455 -5.109 6.274 -4.659
7.039 -7.329 4.345 2.694 -4.846 7.104 -4.423
7.134 -7.342 4.432 2.702 -4.862 7.191 -4.417
7.223 -7.385 4.479 2.744 -4.847 7.300 -4.437
7.223 -7.385 4.479 2.744 -4.847 7.300 -4.437
7.309 -7.558 4.613 2.696 -5.106 7.350 -4.618
7.145 -7.487 4.469 2.676 -5.027 7.212 -4.595
6.864 -7.530 4.187 2.677 -5.041 6.954 -4.664
6.527 -7.578 3.904 2.623 -5.133 6.619 -4.776
3.417 -12.510 0.404 3.012 -9.700 3.525 -9.293
3.411 -12.640 0.437 2.973 -9.872 3.518 -9.459
3.334 -12.690 0.504 2.830 -10.050 3.461 -9.676
3.254 -12.760 0.573 2.681 -10.250 3.391 -9.907
3.066 -12.510 0.048 3.017 -9.702 3.161 -9.289
3.042 -12.750 0.519 2.523 -10.370 3.205 -10.090
3.372 -12.490 0.282 3.090 -9.625 3.462 -9.186
7.233 4.181 4.498 2.735 6.983 7.308 6.848
6.730 2.816 4.025 2.705 5.605 6.842 5.438
2.756 -0.014 1.146 1.610 1.581 2.774 1.610
2.706 1.156 1.152 1.554 2.717 2.713 2.703
2.706 1.178 1.141 1.565 2.746 2.708 2.740
2.692 1.116 1.141 1.551 2.669 2.695 2.665
2.572 0.966 1.091 1.481 2.437 2.565 2.458
2.421 0.627 0.933 1.489 2.142 2.456 2.089
2.702 1.163 1.125 1.577 2.740 2.700 2.741
6.619 2.956 3.761 2.858 6.010 6.834 5.618
3.235 0.137 0.301 2.934 3.229 3.397 2.913
4.374 1.039 2.246 2.128 3.244 4.478 3.091
4.333 1.300 2.281 2.053 3.371 4.373 3.334
6.162 3.966 3.832 2.330 6.231 6.094 6.361
6.240 4.070 3.953 2.287 6.291 6.172 6.422
6.310 4.147 4.011 2.299 6.394 6.254 6.498
6.137 3.912 4.063 2.074 5.839 5.993 6.133
5.969 3.336 3.877 2.091 5.300 5.855 5.554
6.038 3.826 3.738 2.300 6.093 6.003 6.159
6.040 3.840 3.749 2.291 6.093 6.000 6.169
3.997 -0.253 -0.254 4.250 4.248 4.248 3.746
3.187 0.212 0.211 2.977 3.293 3.292 3.085
3.299 0.267 0.239 3.060 3.442 3.414 3.211














































































Qevap_air_o_m (kW) Qeag (kW) Qeag_o_m (kW) Qer (kW) Qer_Refprop (kW) Qetr (kW) ErrEvap_tot ErrEvap_tot_o_m ErrEvap_a
6.961 6.932 6.976 7.467 7.546 0.102 -0.386 -0.400 0.386
2.020 2.001 2.080 -0.651 -0.667 -0.001 4.202 3.907 -4.202
5.677 5.418 5.733 6.047 6.105 0.102 -0.249 -0.368 0.249
4.917 4.920 4.980 5.874 5.939 0.135 -2.282 -2.286 2.282
6.501 6.436 6.592 6.854 6.926 0.235 -2.014 -2.014 2.014
5.174 5.244 5.231 5.613 5.667 0.101 1.661 1.670 -1.661
2.397 2.405 2.445 2.796 2.812 0.144 -5.020 -4.936 5.020
2.469 2.486 2.523 2.923 2.941 0.104 -3.398 -3.348 3.398
1.425 1.422 1.432 -0.178 -0.179 0.103 -3.314 -3.293 3.314
2.262 2.304 2.309 -0.687 -0.691 0.102 -3.290 -3.285 3.290
2.599 2.667 2.706 3.129 3.153 0.106 -4.604 -4.539 4.604
2.980 2.920 2.995 3.559 3.591 0.100 -1.356 -1.378 1.356
3.300 3.289 3.346 3.984 4.026 0.101 -0.351 -0.389 0.351
3.458 3.455 3.503 4.261 4.313 0.101 -0.796 -0.819 0.796
2.473 2.466 2.509 -0.238 -0.250 0.009 0.889 0.821 -0.889
2.625 2.652 2.668 3.193 3.206 0.010 1.265 1.238 -1.265
2.644 2.646 2.703 3.347 3.360 0.013 0.387 0.314 -0.387
2.687 2.708 2.736 3.471 3.487 0.005 1.145 1.101 -1.145
2.658 2.692 2.712 3.058 3.073 0.004 1.466 1.431 -1.466
2.731 2.750 2.782 3.061 3.076 0.005 1.864 1.805 -1.864
2.762 2.792 2.822 3.047 3.065 0.006 1.445 1.396 -1.445
2.827 2.852 2.869 3.123 3.146 0.005 1.510 1.482 -1.510
2.648 2.695 2.715 3.062 3.076 0.009 2.124 2.085 -2.124
3.269 3.265 3.384 3.641 3.650 0.108 -2.144 -2.156 2.144
3.384 3.428 3.492 3.891 3.899 0.108 -2.508 -2.508 2.508
2.845 2.890 2.931 3.297 3.308 0.106 -5.808 -5.727 5.808
2.615 2.647 2.684 2.960 2.971 0.105 -5.371 -5.300 5.371
5.556 4.830 5.665 6.142 6.160 0.110 -1.817 -1.896 1.817
5.947 5.269 6.066 6.651 6.667 0.110 -1.431 -1.555 1.431
6.192 5.526 6.318 6.903 6.918 0.109 -1.452 -1.570 1.452
6.399 5.712 6.525 6.970 6.983 0.108 -1.223 -1.371 1.223
6.414 5.725 6.512 7.012 7.023 0.109 -1.280 -1.416 1.280
6.687 11.740 6.837 7.164 7.174 0.105 -1.523 -0.899 1.523
7.235 -4.013 7.361 7.238 7.300 0.108 -3.877 -1.478 3.877
6.448 -4.288 6.609 7.412 7.471 0.106 -4.025 -1.190 4.025
7.069 -4.305 7.215 7.650 7.708 0.107 -4.022 -1.278 4.022
6.205 -4.578 6.283 6.484 6.532 0.107 -4.605 -0.556 4.605
6.975 -4.334 7.060 6.735 6.796 0.108 -4.563 -0.920 4.563
7.077 -4.316 7.175 6.905 6.966 0.108 -4.788 -0.800 4.788
7.146 -4.317 7.261 7.046 7.107 0.108 -4.419 -1.062 4.419
7.146 -4.317 7.261 7.046 7.107 0.108 -4.419 -1.062 4.419
7.269 -4.517 7.366 7.370 7.428 0.099 -5.025 -0.553 5.025
7.077 -4.437 7.229 7.843 7.896 0.096 -4.495 -0.947 4.495
6.775 -4.578 6.858 7.479 7.527 0.097 -3.886 -1.302 3.886
6.434 -4.833 6.380 7.024 7.065 0.096 -3.600 -1.415 3.600
3.308 -9.163 3.432 3.910 3.947 0.103 -2.145 -3.174 2.145
3.303 -9.287 3.468 3.853 3.886 0.103 -2.139 -3.156 2.139
3.207 -9.482 3.391 3.729 3.757 0.103 -1.875 -3.808 1.875
3.116 -9.839 3.181 3.572 3.597 0.103 -1.720 -4.226 1.720
2.970 -9.223 3.032 4.146 4.180 0.102 -2.175 -3.114 2.175
2.879 -10.100 2.868 3.313 3.334 0.103 -1.376 -5.345 1.376
3.281 -9.114 3.349 3.910 3.949 0.103 -2.333 -2.698 2.333
7.158 6.864 7.173 7.200 7.259 0.106 -0.974 -1.038 0.974
6.618 5.504 6.684 7.265 7.310 0.104 -1.513 -1.670 1.513
2.738 1.563 2.690 3.040 3.055 0.014 0.923 -0.669 -0.923
2.699 2.657 2.653 3.218 3.237 0.010 -0.260 -0.257 0.260
2.704 2.702 2.666 3.085 3.102 0.009 -0.116 -0.080 0.116
2.689 2.637 2.661 2.966 2.979 0.008 -0.089 -0.116 0.089
2.580 2.441 2.563 2.822 2.833 0.009 0.435 0.275 -0.435
2.386 2.084 2.381 2.543 2.551 0.009 -1.253 -1.451 1.253
2.703 2.690 2.653 -0.667 -0.692 0.010 0.018 0.058 -0.018
6.405 5.751 6.537 0.036 0.041 0.109 -3.368 -3.243 3.368
3.073 3.059 3.220 -0.353 -0.368 0.113 -5.144 -5.004 5.144
4.270 3.231 4.410 4.453 4.460 0.121 -2.426 -2.378 2.426
4.293 3.420 4.378 4.448 4.455 0.121 -0.544 -0.932 0.544
6.230 6.275 6.144 8.176 8.276 0.107 1.036 1.109 -1.036
6.309 6.356 6.243 7.842 7.938 0.102 1.037 1.099 -1.037
6.365 6.468 6.335 7.459 7.549 0.102 0.812 0.879 -0.812
6.280 6.122 6.268 6.475 6.536 0.100 2.457 2.337 -2.457
6.082 5.576 6.105 6.228 6.280 0.101 2.333 1.906 -2.333
6.073 6.117 6.031 8.738 8.846 0.111 0.541 0.581 -0.541
6.080 6.121 6.032 8.730 8.838 0.110 0.618 0.661 -0.618
3.746 3.710 3.710 6.860 6.934 0.120 -6.278 -6.279 6.278
3.083 3.132 3.130 5.299 5.380 0.113 -3.263 -3.265 3.263
3.184 3.302 3.275 4.982 5.059 0.113 -3.477 -3.488 3.477














































































ErrEvap_a_o_m ErrEvap_r ErrEvap_r_o_m QCond_mean (kW) Q_Cond1 (kW) Qca (kW) Qcr (kW) Qcr_Refprop (kW) Qctr (kW)
0.400 -8.668 -7.966 9.977 -10.800 9.155 10.200 10.250 0.131
-3.907 135.800 134.300 2.754 -2.986 2.522 5.023 5.067 0.129
0.368 -13.570 -7.135 7.334 -7.930 6.739 7.561 7.608 0.123
2.286 -19.490 -18.030 7.832 -8.530 7.135 8.211 8.262 0.161
2.014 -6.950 -4.380 8.790 -9.164 8.417 8.718 8.766 0.162
-1.670 -11.060 -11.360 6.947 -7.507 6.387 7.011 7.061 0.119
4.936 -13.310 -11.530 3.713 -3.570 3.855 3.769 3.762 0.331
3.348 -16.820 -15.140 3.418 -3.693 3.143 3.605 3.619 0.241
3.293 112.200 112.200 1.773 -1.980 1.567 1.881 1.894 0.245
3.285 129.600 129.600 3.032 -3.304 2.760 5.230 5.255 0.243
4.539 -17.470 -15.820 3.964 -4.069 3.858 3.979 3.996 0.247
1.378 -21.960 -18.860 4.679 -4.838 4.520 4.658 4.682 0.239
0.389 -23.740 -21.540 5.195 -5.495 4.895 5.310 5.342 0.240
0.819 -25.470 -23.710 5.780 -6.099 5.461 5.874 5.910 0.240
-0.821 110.400 110.200 3.769 -3.931 3.606 0.364 0.353 0.133
-1.238 -24.440 -23.640 4.133 -4.213 4.054 0.573 0.555 0.137
-0.314 -30.390 -27.510 4.066 -4.106 4.027 4.413 4.427 0.140
-1.101 -32.620 -31.180 4.089 -4.282 3.896 4.660 4.675 0.130
-1.431 -18.240 -17.300 4.181 -4.236 4.126 4.059 4.073 0.133
-1.805 -16.090 -14.660 4.213 -4.339 4.087 4.065 4.080 0.132
-1.396 -13.790 -12.510 4.210 -4.361 4.058 4.062 4.079 0.132
-1.482 -13.620 -12.920 4.342 -4.494 4.189 4.173 4.194 0.132
-2.085 -19.490 -18.570 4.220 -4.290 4.150 4.067 4.081 0.134
2.156 -13.420 -9.278 5.235 -5.422 5.047 5.304 5.296 0.257
2.508 -14.500 -12.340 5.710 -5.881 5.539 5.866 5.853 0.258
5.727 -11.180 -9.640 5.661 -6.848 4.473 4.628 4.625 0.252
5.300 -9.041 -7.595 4.619 -5.264 3.975 4.007 4.006 0.250
1.896 -28.130 -8.769 7.500 -8.147 6.852 7.884 7.893 0.140
1.555 -27.630 -10.360 8.394 -9.129 7.659 8.925 8.927 0.139
1.570 -26.260 -9.969 9.053 -9.897 8.208 9.642 9.636 0.141
1.371 -23.490 -7.625 9.605 -10.540 8.667 10.110 10.100 0.140
1.416 -23.210 -7.936 10.200 -11.100 9.290 10.530 10.510 0.141
0.899 39.030 -6.324 11.040 -12.000 10.070 11.290 11.270 0.137
1.478 269.300 0.583 12.050 -13.080 11.020 10.900 10.910 0.137
1.190 261.000 -14.480 11.880 -13.050 10.720 11.210 11.220 0.126
1.278 266.000 -7.635 11.650 -12.900 10.400 11.670 11.670 0.129
0.556 233.700 -4.681 11.530 -12.490 10.580 8.152 8.189 0.134
0.920 246.700 3.451 12.000 -13.080 10.910 9.832 9.851 0.135
0.800 250.100 2.357 11.960 -13.020 10.890 10.300 10.310 0.135
1.062 253.100 1.600 11.960 -13.010 10.910 10.570 10.590 0.135
1.062 253.100 1.600 11.960 -13.010 10.910 10.570 10.590 0.135
0.553 252.800 -1.618 11.590 -12.920 10.250 11.140 11.150 0.118
0.947 264.100 -10.520 11.500 -12.620 10.370 11.970 11.980 0.122
1.302 255.100 -9.653 11.170 -12.200 10.150 11.550 11.550 0.126
1.415 242.600 -8.255 10.690 -11.630 9.756 10.940 10.940 0.126
3.174 141.600 -15.510 5.478 -5.704 5.252 5.389 5.399 0.243
3.156 140.200 -13.940 5.383 -5.653 5.113 5.342 5.351 0.242
3.808 138.100 -12.700 5.278 -5.573 4.982 5.216 5.220 0.242
4.226 135.700 -10.550 5.024 -5.322 4.726 5.037 5.039 0.243
3.114 144.000 -36.350 5.141 -5.375 4.907 5.180 5.194 0.241
5.345 132.600 -9.613 4.684 -5.019 4.350 4.759 4.760 0.243
2.698 142.000 -17.140 5.389 -5.676 5.102 5.355 5.366 0.242
1.038 -4.967 -0.367 12.470 -12.830 12.100 10.940 10.950 0.034
1.670 -32.390 -8.614 11.380 -11.670 11.080 11.250 11.260 0.035
0.669 -91.490 -10.860 3.833 -4.009 3.657 3.974 3.987 0.051
0.257 -19.450 -19.630 3.938 -4.108 3.767 4.057 4.080 0.056
0.080 -13.100 -14.630 3.922 -4.133 3.712 4.017 4.033 0.056
0.116 -11.710 -10.690 3.884 -4.129 3.639 3.916 3.926 0.056
-0.275 -15.780 -10.140 3.739 -3.991 3.487 3.763 3.769 0.055
1.451 -20.590 -5.374 3.452 -3.688 3.217 3.444 3.447 0.055
-0.058 125.300 125.600 3.885 -4.091 3.679 6.205 6.223 0.040
3.243 99.290 99.370 11.080 -11.520 10.640 -1.287 -1.284 0.058
5.004 112.000 111.400 4.944 -5.013 4.876 5.444 5.428 0.086
2.378 -40.800 -1.956 6.357 -6.541 6.173 6.456 6.444 0.047
0.932 -32.880 -2.816 6.360 -6.568 6.152 6.456 6.444 0.047
-1.109 -31.450 -34.310 8.286 -9.448 7.124 9.158 9.158 0.028
-1.099 -24.880 -27.200 8.305 -9.500 7.111 9.097 9.093 0.023
-0.879 -17.120 -19.640 8.494 -9.532 7.455 9.098 9.089 0.021
-2.337 -9.181 -6.503 8.426 -9.522 7.330 8.855 8.834 0.021
-1.906 -15.720 -5.221 8.049 -9.079 7.019 8.546 8.527 0.020
-0.581 -44.410 -46.510 8.332 -9.371 7.294 9.197 9.207 0.034
-0.661 -44.160 -46.330 8.285 -9.390 7.179 9.193 9.203 0.033
6.279 -73.470 -73.490 6.608 -6.738 6.478 6.669 6.685 0.049
3.265 -68.720 -68.800 5.122 -5.107 5.138 5.154 5.142 0.088
3.488 -52.090 -53.360 5.146 -5.152 5.141 5.204 5.189 0.089














































































Q_glycol (kW) ErrCond_tot ErrCond_a ErrCond_r Denr mr (g/s) mrc (g/s) Pcri (kPa) Pcro(kPa) DPcr(kPa)
14.180 -8.242 8.242 -2.746 1.124 52.73 55.56 2015 1965 50.0
7.149 -8.417 8.417 -83.980 0.601 33.47 19.70 1354 1336 18.3
10.150 -8.120 8.120 -3.737 1.115 43.54 45.38 1852 1800 52.8
13.750 -8.908 8.908 -5.483 1.106 47.43 48.98 2000 1954 46.2
13.730 -4.251 4.251 0.278 1.085 49.97 52.25 2248 2189 59.3
11.880 -8.057 8.057 -1.639 1.117 41.60 44.23 1765 1713 51.6
7.862 3.827 -3.827 -1.325 0.961 31.11 29.23 2728 2699 28.9
6.794 -8.046 8.046 -5.865 1.036 27.10 27.51 2100 2072 27.7
5.710 -11.650 11.650 -6.788 0.230 14.13 14.73 1857 1836 21.7
6.822 -8.959 8.959 -73.330 0.757 39.91 24.97 2037 2009 27.5
6.898 -2.660 2.660 -0.803 1.034 29.30 29.71 2190 2159 31.4
8.876 -3.399 3.399 -0.064 1.038 33.73 34.75 2270 2236 34.3
8.782 -5.774 5.774 -2.821 1.041 37.90 38.93 2354 2307 47.6
8.986 -5.520 5.520 -2.243 1.037 41.43 42.71 2483 2432 51.7
5.905 -4.312 4.312 90.640 0.101 15.25 166.10 1429 1393 35.4
7.758 -1.934 1.934 86.580 1.062 25.26 187.30 1488 1458 30.7
7.159 -0.963 0.963 -8.863 1.069 26.49 24.46 1493 1461 32.0
6.631 -4.728 4.728 -14.320 1.029 26.91 24.55 1490 1458 31.5
7.797 -1.314 1.314 2.570 1.111 23.65 24.50 1499 1474 25.5
7.866 -2.982 2.982 3.167 1.112 23.61 25.02 1502 1475 26.3
7.889 -3.602 3.602 3.110 1.120 23.10 24.63 1514 1489 25.5
7.916 -3.522 3.522 3.405 1.136 22.75 24.35 1563 1541 21.6
8.452 -1.657 1.657 3.281 1.098 24.17 25.30 1514 1486 28.3
7.981 -3.585 3.585 -1.177 0.993 36.20 36.76 2366 2322 43.9
8.080 -2.992 2.992 -2.498 0.977 39.76 39.59 2431 2386 45.5
9.303 -20.980 20.980 18.300 1.014 31.75 46.65 2286 2243 42.9
8.205 -13.940 13.940 13.270 1.023 27.11 35.35 2200 2168 32.1
11.530 -8.637 8.637 -5.244 1.086 44.99 46.20 1673 1601 71.7
12.350 -8.753 8.753 -6.348 1.077 49.74 50.57 1734 1651 83.3
12.800 -9.328 9.328 -6.445 1.064 52.34 53.44 1782 1691 90.9
13.250 -9.765 9.765 -5.158 1.048 53.36 55.36 1816 1719 97.1
14.300 -8.887 8.887 -3.084 1.029 54.00 56.68 1845 1744 101.6
14.960 -8.769 8.769 -2.085 0.986 56.42 59.73 1899 1788 110.4
16.590 -8.545 8.545 9.429 1.086 56.75 67.80 2064 1953 110.9
17.000 -9.800 9.800 5.559 1.090 56.67 65.67 2005 1900 104.4
17.170 -10.730 10.730 -0.239 1.094 56.68 62.44 2013 1920 93.1
17.150 -8.290 8.290 29.010 1.061 56.68 86.14 2053 1885 167.7
17.030 -9.037 9.037 17.870 1.075 56.70 75.01 2071 1939 132.0
16.930 -8.913 8.913 13.750 1.079 56.71 71.36 2059 1936 122.7
16.870 -8.807 8.807 11.460 1.082 56.72 69.47 2053 1936 116.7
16.870 -8.807 8.807 11.460 1.082 56.72 69.47 2053 1936 116.7
16.300 -11.530 11.530 3.742 1.091 56.71 65.48 2005 1899 106.6
16.490 -9.823 9.823 -4.216 1.099 56.60 59.47 1958 1871 87.2
16.730 -9.173 9.173 -3.380 1.104 52.11 54.89 1949 1876 73.7
16.760 -8.753 8.753 -2.302 1.113 47.02 49.88 1902 1841 60.7
9.552 -4.126 4.126 1.457 1.035 34.31 36.10 2354 2312 42.3
9.597 -5.016 5.016 0.594 1.040 32.32 34.01 2342 2302 40.4
9.282 -5.598 5.598 1.086 1.045 29.60 31.48 2307 2283 23.4
8.424 -5.928 5.928 -0.307 1.051 27.12 28.53 2275 2251 23.9
9.710 -4.549 4.549 -1.028 1.013 40.98 42.15 2345 2298 46.6
7.619 -7.131 7.131 -1.607 1.058 24.14 25.37 2233 2211 21.1
9.733 -5.324 5.324 0.423 1.026 36.67 38.60 2380 2335 45.2
16.180 -2.892 2.892 12.150 1.081 56.67 66.14 2059 1950 109.0
15.030 -2.623 2.623 1.065 1.105 49.89 51.62 1930 1862 67.8
6.629 -4.588 4.588 -4.005 1.100 23.52 23.55 1485 1453 31.5
6.626 -4.331 4.331 -3.609 1.099 25.84 25.94 1497 1464 32.2
6.619 -5.375 5.375 -2.823 1.099 24.40 24.91 1491 1458 32.7
6.623 -6.311 6.311 -1.075 1.100 22.49 23.54 1469 1442 26.1
6.631 -6.736 6.736 -0.815 1.102 20.82 21.93 1447 1423 24.4
6.650 -6.812 6.812 0.166 1.105 18.06 19.23 1402 1386 15.9
8.114 -5.300 5.300 -60.160 0.827 36.31 23.77 1464 1431 32.4
14.730 -3.982 3.982 111.600 -0.379 -6.29 56.11 1874 1767 107.1
6.200 -1.390 1.390 -9.774 0.957 34.12 31.23 2302 2258 44.1
8.908 -2.895 2.895 -1.364 1.089 29.18 29.48 1612 1585 26.6
8.899 -3.265 3.265 -1.322 1.088 29.17 29.58 1612 1585 27.2
12.510 -14.020 14.020 -10.510 1.181 52.49 53.83 1834 1742 92.3
13.080 -14.380 14.380 -9.490 1.180 50.62 52.56 1803 1715 87.9
13.170 -12.230 12.230 -7.003 1.172 48.93 51.00 1795 1713 82.7
13.440 -13.010 13.010 -4.848 1.141 43.48 46.57 1736 1670 66.1
13.460 -12.800 12.800 -5.944 1.136 41.23 43.64 1726 1670 56.8
12.510 -12.460 12.460 -10.500 1.183 55.68 56.35 1844 1742 102.5
12.550 -13.340 13.340 -11.090 1.183 55.65 56.46 1846 1745 101.5
9.690 -1.968 1.968 -1.166 1.216 40.97 41.09 1710 1652 58.3
7.037 0.310 -0.310 -0.393 1.180 33.78 33.25 2344 2297 47.4
6.967 -0.104 0.104 -0.827 1.179 32.04 31.54 2336 2292 44.2














































































Tcri  (C) Tcro  (C) Tori  (C) T_cond  (C) DT_sub  (C) DT_subF (F) Tcn2  (C) DPca DPcn Rc RHc
97.30 50.32 50.12 66.73 16.41 29.54 56.31 60.3 741.5 122080 0.4
51.73 50.23 51.09 50.54 0.30 0.55 49.18 35.6 293.3 78775 0.4
80.64 51.48 51.86 62.91 11.43 20.57 56.05 43.1 422.3 92042 0.4
85.51 54.04 54.56 66.49 12.45 22.41 58.74 62.1 735.6 120186 0.4
95.31 58.46 58.74 71.55 13.08 23.55 64.65 46.1 431.4 90081 0.4
74.18 50.58 51.27 60.80 10.22 18.39 54.99 43.6 423.8 92840 0.4
91.33 80.82 80.43 81.20 0.38 0.69 79.71 52.6 301.1 69599 0.4
74.90 68.65 68.40 69.08 0.43 0.78 66.88 46.3 302.1 74017 0.4
64.86 63.62 64.23 63.77 0.14 0.26 63.52 46.0 299.9 74552 0.4
71.24 67.57 68.20 67.72 0.16 0.29 66.16 46.3 301.7 74117 0.4
78.66 68.91 68.63 70.92 2.01 3.61 68.23 46.2 301.5 73686 0.4
81.15 68.56 68.59 72.50 3.94 7.09 69.99 46.7 305.6 73692 0.4
83.53 68.26 68.38 73.92 5.65 10.18 70.45 46.7 306.6 73799 0.4
87.89 69.32 69.38 76.34 7.02 12.64 72.18 46.8 306.6 73357 0.4
72.33 52.31 52.43 52.22 -0.09 -0.16 50.63 41.2 295.0 78617 0.4
72.74 54.08 53.86 54.07 -0.01 -0.02 52.21 40.7 294.8 78047 0.4
72.49 54.14 53.96 54.17 0.03 0.05 52.15 41.3 302.9 79108 0.4
75.86 52.49 52.45 54.08 1.60 2.88 51.50 35.8 295.5 78397 0.4
74.82 52.57 52.34 54.52 1.95 3.50 52.15 35.9 295.9 78379 0.4
74.72 52.13 52.05 54.56 2.43 4.37 52.12 38.7 297.1 78537 0.4
75.60 50.24 50.32 54.93 4.69 8.44 52.15 39.5 297.2 78536 0.4
78.03 46.55 46.62 56.35 9.80 17.65 52.37 39.2 297.5 78486 0.4
73.76 53.76 53.81 54.86 1.10 1.98 52.93 36.7 295.3 77991 0.4
94.44 73.55 73.86 74.22 0.68 1.22 71.27 44.7 302.8 73255 0.4
97.86 74.93 75.15 75.47 0.54 0.97 72.29 44.7 304.5 73256 0.4
90.90 72.06 72.02 72.66 0.60 1.07 70.05 49.0 302.9 73510 0.4
89.24 70.50 70.35 71.12 0.62 1.12 69.02 48.4 301.8 73602 0.4
86.39 57.21 57.59 57.96 0.75 1.35 53.05 60.4 723.7 121814 0.4
92.43 58.49 59.03 59.24 0.75 1.35 54.09 60.2 726.0 121535 0.4
98.43 59.53 60.10 60.26 0.73 1.31 54.96 60.6 727.0 121218 0.4
104.20 60.19 60.84 60.96 0.76 1.37 55.57 60.8 728.4 121066 0.4
110.00 60.79 61.42 61.56 0.76 1.38 56.41 60.6 729.5 120793 0.4
116.50 61.86 62.52 62.64 0.78 1.40 57.41 62.7 736.6 120945 0.4
107.40 58.81 57.21 66.46 7.65 13.78 59.03 61.8 739.5 120974 0.4
109.70 57.41 56.07 65.27 7.86 14.15 58.04 61.6 743.3 121714 0.4
115.50 56.62 55.34 65.72 9.11 16.39 58.55 62.0 741.4 121261 0.4
75.70 63.56 62.01 64.91 1.36 2.45 58.30 61.8 740.0 121342 0.4
95.01 60.90 59.34 66.14 5.25 9.44 58.82 61.8 740.4 121140 0.4
100.40 60.10 58.56 66.08 5.99 10.78 58.83 61.9 740.3 121127 0.4
103.50 59.47 57.87 66.09 6.62 11.92 58.86 61.9 739.7 121059 0.4
103.50 59.47 57.87 66.09 6.62 11.92 58.86 61.9 739.7 121059 0.4
109.10 57.82 56.37 65.24 7.41 13.34 57.90 61.4 744.5 122230 0.4
118.30 55.49 54.37 64.59 9.11 16.39 57.48 61.1 744.3 122420 0.4
125.10 54.20 53.17 64.70 10.50 18.90 57.80 61.3 741.7 122071 0.4
131.40 52.13 51.21 63.89 11.77 21.18 57.18 60.7 741.1 122301 0.4
96.80 69.30 66.90 74.02 4.73 8.51 71.26 48.1 307.1 73682 0.4
101.50 68.17 65.89 73.82 5.65 10.17 71.16 48.3 307.0 73675 0.4
108.10 67.03 64.66 73.46 6.43 11.57 70.94 48.2 306.7 73686 0.4
113.60 65.61 63.15 72.81 7.20 12.95 70.31 48.5 306.2 73782 0.4
79.63 73.00 70.74 73.75 0.75 1.36 71.07 48.6 306.1 73537 0.4
120.50 64.10 61.53 72.01 7.90 14.22 69.45 48.5 305.8 73940 0.4
91.16 70.99 68.70 74.47 3.48 6.26 71.62 48.6 306.6 73477 0.4
108.90 59.34 57.72 66.40 7.06 12.71 60.23 62.7 754.6 121569 0.4
127.80 53.78 52.64 64.38 10.60 19.08 58.60 60.5 743.9 121445 0.4
73.54 53.50 51.71 53.94 0.45 0.80 51.08 34.4 297.3 78910 0.4
64.30 53.77 52.24 54.25 0.49 0.88 51.15 34.5 297.2 78944 0.4
70.06 53.51 52.03 54.08 0.56 1.01 51.08 34.7 297.0 78942 0.4
77.07 53.05 51.47 53.64 0.59 1.06 50.91 34.5 296.8 78981 0.4
81.64 52.44 50.89 53.08 0.64 1.15 50.62 34.6 296.6 79038 0.4
88.16 51.33 49.60 52.01 0.69 1.24 49.96 35.0 296.6 79241 0.4
74.33 53.12 54.06 53.33 0.20 0.36 50.88 40.4 293.8 78274 0.4
119.90 61.78 62.61 62.13 0.35 0.63 58.57 56.1 711.7 118552 0.4
102.40 72.70 73.59 72.95 0.26 0.47 70.36 44.5 312.8 74522 0.4
123.10 55.39 53.76 57.53 2.14 3.85 54.72 43.2 422.2 92751 0.4
123.20 55.36 53.79 57.53 2.17 3.90 54.67 42.8 422.4 92788 0.4
92.81 60.94 35.89 61.51 0.57 1.02 56.95 62.6 426.9 92421 0.4
95.90 60.27 36.23 60.86 0.59 1.05 56.38 63.3 425.3 92455 0.4
100.90 60.15 37.94 60.79 0.64 1.16 56.50 61.5 425.2 92414 0.4
114.70 59.60 45.02 59.72 0.12 0.22 56.64 62.3 423.5 92159 0.4
116.90 58.98 45.69 59.71 0.73 1.32 56.19 59.9 424.2 92366 0.4
85.60 61.12 35.27 61.50 0.39 0.70 56.98 61.8 426.5 92372 0.4
85.62 61.08 35.32 61.59 0.51 0.91 56.94 62.3 426.5 92392 0.4
78.85 58.87 23.77 59.26 0.39 0.70 55.21 31.0 416.9 91517 0.4
98.34 73.28 34.38 73.72 0.44 0.78 70.85 27.9 304.6 73346 0.4
105.30 72.90 35.00 73.63 0.74 1.33 70.88 28.3 305.2 73381 0.4














































































Peri(kPa) Pero(kPa) DPer(kPa) Teri (C) Tero  (C) T_evap  (C) DT_sup  (C) DT_supF (F) x_in x_out x_out_o_m
525 451 74.40 18.23 24.07 12.52 11.55 20.79 0.268 0.961 0.966
409 391 17.27 10.48 10.25 8.26 1.98 3.57 1.109 1.588 1.610
569 523 46.61 20.73 25.64 17.11 8.53 15.35 0.264 0.924 0.965
450 378 72.19 13.03 10.62 7.23 3.39 6.10 0.335 0.897 0.904
677 625 52.74 26.37 37.21 22.86 14.35 25.84 0.288 1.012 1.029
531 484 46.40 18.44 19.65 14.71 4.94 8.89 0.273 0.897 0.895
709 683 25.55 28.29 28.50 25.84 2.66 4.78 0.488 1.000 1.008
589 567 22.50 22.12 22.20 19.68 2.52 4.54 0.402 0.929 0.936
763 751 11.81 30.80 30.94 29.10 1.84 3.31 1.081 1.679 1.682
622 603 18.72 23.87 23.80 21.71 2.09 3.76 1.104 1.646 1.647
570 544 26.51 20.96 20.99 18.36 2.62 4.72 0.411 0.935 0.942
543 509 34.76 19.27 18.76 16.24 2.52 4.53 0.420 0.894 0.906
530 487 43.38 18.44 17.46 14.88 2.58 4.64 0.424 0.885 0.894
523 471 52.03 17.96 16.54 13.85 2.69 4.84 0.437 0.883 0.889
351 321 29.72 6.46 12.43 2.54 9.89 17.80 1.125 1.200 1.201
336 309 27.54 5.27 9.63 1.45 8.18 14.72 0.372 0.443 0.443
338 310 27.97 5.43 9.75 1.57 8.18 14.72 0.373 0.916 0.929
336 310 25.90 5.19 10.11 1.55 8.57 15.42 0.362 0.909 0.916
337 309 27.18 5.11 10.31 1.51 8.80 15.83 0.360 0.902 0.906
336 309 27.73 5.00 10.11 1.44 8.67 15.61 0.358 0.896 0.903
333 306 26.88 4.63 9.66 1.19 8.47 15.24 0.346 0.904 0.910
329 303 26.62 4.34 9.39 0.89 8.50 15.30 0.320 0.898 0.902
340 312 28.48 5.33 9.97 1.73 8.24 14.83 0.370 0.887 0.891
517 479 38.30 17.88 22.00 14.35 7.65 13.76 0.478 0.968 0.995
507 461 46.26 17.41 21.11 13.16 7.95 14.31 0.495 0.977 0.986
521 491 30.04 18.32 22.38 15.14 7.24 13.03 0.459 0.828 0.833
545 522 23.44 19.69 25.66 17.04 8.62 15.52 0.435 0.882 0.887
510 446 63.87 17.49 30.21 12.17 18.05 32.48 0.335 0.916 1.020
497 419 78.53 16.63 29.06 10.25 18.81 33.86 0.353 0.928 1.019
488 398 90.13 16.05 28.45 8.73 19.73 35.51 0.367 0.938 1.023
481 382 98.84 15.52 28.00 7.53 20.48 36.86 0.377 0.945 1.029
475 369 106.00 15.14 27.89 6.51 21.38 38.49 0.385 0.944 1.024
480 365 114.50 15.44 26.65 6.24 20.41 36.74 0.394 1.496 1.022
530 397 133.20 18.56 19.36 8.70 10.66 19.19 0.330 -0.040 0.946
510 384 126.60 17.31 20.53 7.68 12.85 23.12 0.327 -0.082 0.887
491 370 121.50 16.16 23.40 6.60 16.80 30.24 0.328 -0.100 0.971
605 442 163.60 22.89 14.71 11.87 2.84 5.12 0.347 0.006 0.765
556 413 142.60 20.04 14.11 9.85 4.25 7.65 0.340 -0.025 0.875
543 405 137.80 19.34 15.70 9.28 6.43 11.57 0.337 -0.046 0.904
535 400 135.20 18.82 17.00 8.87 8.14 14.65 0.334 -0.057 0.924
535 400 135.20 18.82 17.00 8.87 8.14 14.65 0.334 -0.057 0.924
513 386 127.30 17.60 20.18 7.83 12.35 22.23 0.329 -0.106 0.954
473 357 116.50 14.91 25.29 5.56 19.74 35.53 0.327 -0.138 0.994
444 334 109.40 12.89 28.08 3.70 24.38 43.88 0.329 -0.172 1.019
408 307 100.40 10.25 30.48 1.31 29.18 52.52 0.327 -0.227 1.043
502 462 40.52 16.91 23.35 13.22 10.13 18.23 0.420 -1.045 0.953
485 445 39.20 15.74 26.66 12.14 14.52 26.13 0.417 -1.158 0.979
460 424 35.77 14.08 31.09 10.66 20.43 36.77 0.415 -1.303 1.007
433 400 32.47 12.26 33.97 8.92 25.05 45.09 0.412 -1.506 1.047
544 498 45.66 19.63 17.75 15.60 2.15 3.87 0.441 -0.830 0.855
404 375 28.45 10.10 36.49 7.02 29.47 53.04 0.410 -1.752 1.078
520 478 42.01 18.18 19.33 14.31 5.03 9.05 0.430 -0.937 0.922
522 392 129.70 18.09 19.55 8.30 11.25 20.26 0.338 0.928 0.955
428 323 105.30 11.86 29.17 2.71 26.46 47.63 0.330 0.920 1.050
338 311 27.15 5.07 9.18 1.62 7.56 13.60 0.355 0.702 0.965
351 323 28.42 6.22 5.36 2.69 2.67 4.80 0.353 0.898 0.897
344 316 27.85 5.57 6.81 2.09 4.73 8.51 0.355 0.927 0.919
331 306 25.82 4.52 11.51 1.16 10.35 18.63 0.356 0.942 0.947
316 292 24.19 3.17 14.15 -0.12 14.27 25.69 0.358 0.929 0.959
288 268 20.64 0.60 17.02 -2.49 19.51 35.12 0.362 0.928 1.011
337 311 26.08 4.96 10.39 1.69 8.71 15.67 1.132 1.729 1.720
456 354 101.90 13.86 27.89 5.37 22.52 40.54 1.141 1.726 1.807
486 453 32.62 15.85 28.14 12.64 15.49 27.89 1.132 1.693 1.722
308 261 47.15 2.39 36.96 -3.13 40.08 72.15 0.388 0.956 1.172
308 261 46.78 2.33 36.92 -3.11 40.03 72.06 0.388 0.976 1.151
568 521 46.66 20.28 18.63 17.02 1.61 2.90 0.132 0.776 0.762
561 516 45.52 19.73 18.14 16.67 1.47 2.64 0.138 0.802 0.789
559 513 45.15 19.61 18.07 16.54 1.54 2.76 0.152 0.847 0.832
541 495 45.43 18.40 24.52 15.42 9.10 16.39 0.217 0.909 0.927
520 473 47.17 17.21 27.18 14.00 13.19 23.73 0.231 0.897 0.967
578 530 48.49 20.91 19.15 17.53 1.62 2.91 0.123 0.726 0.717
579 530 48.54 20.93 19.19 17.56 1.63 2.94 0.123 0.725 0.716
406 371 34.77 10.10 8.38 6.72 1.65 2.98 0.110 0.658 0.658
525 504 21.92 18.27 17.53 15.92 1.61 2.90 0.140 0.682 0.681
517 496 21.30 17.51 16.82 15.43 1.39 2.51 0.148 0.744 0.739














































































DG_gps (g/s) DG_gps_o_m (g/s) Dslope_new_method (g/s) Dslope (g/s) Ts  (C) Tw  (C) Tdpei  (C) Tdpeo  (C) Tdpeo_old  (C) Rhea_out
1.695 1.713 0.004 0.004 99.1 25.5 30.6 21.7 21.5 0.845
0.249 0.281 0.001 0.001 99.1 17.8 15.5 11.7 11.1 0.867
1.185 1.314 0.003 0.003 98.9 27.9 30.6 24.7 24.0 0.892
0.218 0.243 0.000 0.001 99.5 24.3 15.4 13.1 12.8 0.693
0.808 0.872 0.002 0.002 99.4 34.8 33.6 30.5 30.2 0.755
0.941 0.935 0.002 0.002 99.3 25.7 26.8 21.2 21.2 0.845
-0.017 -0.001 0.000 0.000 23.9 23.6 16.7 16.8 16.7 0.402
-0.016 -0.001 0.000 0.000 24.8 24.4 20.9 21.0 20.9 0.737
-0.005 -0.001 0.000 0.000 24.8 24.6 22.3 22.2 22.3 0.524
-0.002 0.000 0.000 0.000 24.9 24.5 22.2 22.2 22.2 0.727
-0.016 0.000 0.000 0.000 25.0 24.6 19.7 19.8 19.7 0.716
0.035 0.065 0.000 0.000 90.8 27.2 19.1 18.8 18.6 0.748
0.122 0.145 0.000 0.000 99.2 25.7 19.2 18.2 18.0 0.761
0.161 0.181 0.000 0.000 93.9 25.3 18.9 17.5 17.4 0.760
0.392 0.410 0.001 0.001 99.0 14.7 15.5 8.9 8.5 0.809
0.429 0.436 0.001 0.001 99.3 14.0 15.5 8.1 8.0 0.815
0.431 0.453 0.001 0.001 99.1 14.0 15.5 8.1 7.6 0.803
0.432 0.443 0.001 0.001 98.9 13.6 15.4 7.9 7.7 0.816
0.439 0.447 0.001 0.001 98.6 14.0 15.5 8.0 7.8 0.814
0.450 0.463 0.001 0.001 98.6 13.7 15.5 7.6 7.3 0.809
0.448 0.460 0.001 0.001 98.6 13.4 15.3 7.4 7.1 0.815
0.474 0.481 0.001 0.001 98.7 13.1 15.6 7.3 7.1 0.819
0.439 0.447 0.001 0.001 98.7 14.0 15.7 8.2 8.1 0.823
0.112 0.161 0.000 0.000 98.9 26.9 19.0 18.1 17.7 0.719
0.159 0.185 0.000 0.000 99.0 26.2 18.9 17.6 17.4 0.717
-0.006 0.011 0.000 0.000 25.5 28.4 17.4 17.5 17.3 0.673
-0.012 0.003 0.000 0.000 26.0 27.5 18.9 18.9 18.8 0.674
0.958 1.300 0.002 0.003 99.6 26.9 30.5 25.9 24.0 0.920
1.090 1.416 0.002 0.003 99.4 26.2 30.6 25.3 23.4 0.927
1.160 1.484 0.003 0.003 99.5 25.7 30.6 24.9 23.0 0.932
1.207 1.540 0.003 0.003 99.3 25.3 30.6 24.6 22.6 0.943
1.218 1.539 0.003 0.003 99.4 25.0 30.7 24.6 22.7 0.952
3.626 1.627 0.008 0.004 99.2 24.6 30.6 -3.5 22.0 0.143
-2.812 1.829 -0.006 0.004 98.6 24.6 31.2 40.1 21.6 2.402
-2.950 1.492 -0.007 0.003 98.7 23.9 30.6 40.1 22.9 2.431
-2.945 1.750 -0.006 0.004 98.5 23.8 30.6 40.1 21.2 2.401
-2.952 1.491 -0.007 0.003 98.5 26.5 30.6 40.1 23.0 2.219
-2.936 1.717 -0.006 0.004 98.5 25.1 30.7 40.1 21.5 2.418
-2.944 1.747 -0.006 0.004 98.6 24.8 30.6 40.1 21.3 2.443
-2.953 1.772 -0.007 0.004 98.7 24.6 30.6 40.1 21.0 2.451
-2.953 1.772 -0.007 0.004 98.7 24.6 30.6 40.1 21.0 2.451
-3.035 1.810 -0.007 0.004 97.2 24.0 30.5 40.1 20.8 2.491
-2.992 1.762 -0.007 0.004 98.6 23.7 30.6 40.1 21.4 2.446
-2.997 1.661 -0.007 0.004 98.8 23.6 30.6 40.1 22.0 2.392
-3.007 1.549 -0.007 0.003 98.9 22.7 30.6 40.1 22.8 2.316
-4.954 0.200 -0.011 0.000 98.8 25.8 19.2 40.1 17.5 2.588
-5.001 0.212 -0.011 0.000 98.9 25.2 19.0 40.1 17.2 2.525
-5.009 0.245 -0.011 0.001 98.7 24.7 19.1 40.1 17.0 2.334
-5.027 0.276 -0.011 0.001 98.8 24.2 19.0 40.1 16.6 2.172
-4.982 0.056 -0.011 0.000 98.7 28.9 19.0 40.1 18.5 2.506
-5.007 0.265 -0.011 0.001 98.6 23.5 19.0 40.1 16.8 2.000
-4.963 0.146 -0.011 0.000 99.2 26.9 19.0 40.1 17.8 2.612
1.651 1.777 0.004 0.004 99.1 24.2 30.7 22.0 21.1 0.893
1.125 1.605 0.002 0.004 99.2 23.0 30.6 25.1 22.2 1.022
-0.011 0.445 0.000 0.001 98.4 13.2 15.4 15.6 7.7 1.402
0.445 0.443 0.001 0.001 98.3 13.6 15.4 7.6 7.6 0.814
0.451 0.437 0.001 0.001 98.3 13.2 15.4 7.5 7.8 0.818
0.427 0.437 0.001 0.001 98.5 12.8 15.4 8.2 7.9 0.844
0.365 0.414 0.001 0.001 98.4 12.7 15.5 9.5 8.5 0.889
0.250 0.370 0.001 0.001 98.5 13.7 15.4 11.5 9.3 0.960
0.444 0.429 0.001 0.001 98.9 13.4 15.3 7.6 7.9 0.800
1.226 1.547 0.003 0.003 98.3 24.6 30.5 24.4 22.4 0.933
0.115 0.181 0.000 0.000 98.3 26.0 19.0 18.0 17.5 0.651
0.432 0.909 0.001 0.002 99.3 21.4 30.6 28.6 26.3 0.952
0.510 0.897 0.001 0.002 99.2 20.9 30.6 28.3 26.4 0.949
1.522 1.468 0.003 0.003 99.1 26.6 30.5 22.6 23.0 0.828
1.561 1.515 0.003 0.003 99.1 26.2 30.5 22.3 22.6 0.831
1.596 1.542 0.004 0.003 99.0 26.1 30.6 22.3 22.7 0.832
1.467 1.527 0.003 0.003 99.3 25.7 30.7 23.4 23.0 0.867
1.250 1.466 0.003 0.003 99.3 25.7 30.7 24.5 23.2 0.906
1.481 1.446 0.003 0.003 99.0 27.0 30.6 23.1 23.3 0.822
1.484 1.448 0.003 0.003 99.0 27.0 30.6 23.1 23.3 0.823
-0.001 -0.001 0.000 0.000 22.1 23.5 9.3 9.3 9.3 0.608
0.124 0.123 0.000 0.000 99.2 27.3 19.0 18.0 18.0 0.699
0.149 0.138 0.000 0.000 99.1 27.0 18.9 17.7 17.8 0.700














































































Rhea_out_o_m Teao  (C) Ten1  (C) Ten2  (C) DPea (Pa) DPen (Pa) Re We (W) We1 (W) We2 (W) Prcpi(kPa) P_ratio eta_idia eta_isen
0.839 24.4 25.4 23.5 218 224 76175 2721 2738 -17 353 5.715 0.919 0.783
0.835 13.2 14.0 13.7 115 108 56156 1137 1153 -17 384 3.526 0.623 1.223
0.853 26.2 27.6 25.6 218 224 75271 2461 2403 58 476 3.889 0.883 0.892
0.682 18.4 19.2 18.4 207 223 78689 4657 4673 -16 290 6.891 0.852 0.798
0.745 34.8 37.5 33.4 213 229 72616 4797 4813 -16 573 3.924 0.901 0.852
0.848 23.5 24.5 23.3 217 226 77012 2704 2721 -17 439 4.022 0.872 0.919
0.399 31.7 32.6 31.5 153 230 74716 2791 2808 -17 673 4.056 0.693 0.867
0.734 25.6 26.5 25.6 155 226 76410 2746 2688 58 558 3.767 0.655 1.095
0.524 33.3 33.5 33.2 153 231 74684 1628 1570 58 755 2.459 0.383 1.279
0.728 27.2 27.9 27.2 151 229 76331 2518 2460 58 598 3.405 0.532 1.299
0.712 24.5 25.6 24.9 159 222 76196 2953 2895 58 530 4.129 0.713 0.986
0.737 23.4 23.9 23.2 200 226 77337 2996 3013 -17 484 4.686 0.744 0.953
0.753 22.3 22.7 22.5 204 222 77201 3054 3071 -17 452 5.203 0.756 0.930
0.753 21.7 22.2 21.8 205 221 77206 3154 3171 -17 429 5.794 0.780 0.881
0.789 11.7 11.6 12.5 119 105 55928 1372 1372 -17 305 4.691 5.327 0.933
0.806 10.8 10.8 11.6 118 104 56048 1430 1447 -17 294 5.065 6.163 0.919
0.775 10.8 10.9 11.9 119 105 56047 1454 1470 -16 294 5.076 0.787 0.936
0.801 10.5 10.5 11.5 116 106 56504 1475 1491 -17 296 5.028 0.859 0.864
0.804 10.5 10.4 11.6 118 105 56328 1418 1435 -17 295 5.076 0.827 0.899
0.792 10.3 10.0 11.5 119 105 56518 1428 1445 -17 293 5.120 0.841 0.902
0.800 9.8 9.7 11.2 119 105 56553 1488 1505 -17 290 5.219 0.843 0.892
0.809 9.9 9.6 10.9 120 105 56549 1490 1507 -17 287 5.443 0.847 0.876
0.813 10.5 10.6 11.7 118 106 56479 1379 1396 -17 296 5.119 0.827 0.918
0.702 22.7 22.6 24.3 192 225 78004 3108 3125 -17 458 5.165 0.825 0.828
0.708 22.2 22.0 23.9 193 224 78000 3191 3207 -17 434 5.609 0.828 0.798
0.668 23.3 23.0 24.8 178 228 78259 3269 3211 58 479 4.773 1.162 0.856
0.671 24.9 24.8 26.0 174 229 77727 3005 2947 58 516 4.261 1.025 0.864
0.820 26.6 28.8 25.9 205 224 74641 2549 2429 120 403 4.148 0.864 0.892
0.826 25.7 28.1 25.0 206 223 74688 2613 2493 120 360 4.820 0.882 0.846
0.829 25.2 27.6 24.6 206 222 74885 2689 2569 120 326 5.469 0.889 0.810
0.834 24.7 27.2 24.0 207 222 74989 2730 2610 120 298 6.102 0.898 0.775
0.846 24.8 27.2 23.7 207 222 74925 2751 2631 120 274 6.742 0.901 0.747
0.828 24.1 26.4 23.9 204 224 76287 2728 2671 58 252 7.548 0.916 0.700
0.833 23.7 24.1 25.1 206 220 75019 2857 2800 57 269 7.676 0.905 0.707
0.914 23.3 23.8 25.0 208 221 75106 2870 2813 57 261 7.691 0.926 0.702
0.813 23.6 24.7 24.5 208 221 74801 2855 2798 57 252 7.976 0.931 0.699
0.838 25.4 24.8 27.0 206 223 75159 2561 2504 57 300 6.840 0.696 0.942
0.836 23.9 23.5 25.4 206 221 75310 2802 2745 57 281 7.371 0.889 0.719
0.833 23.6 23.5 25.1 206 221 75364 2810 2753 57 274 7.505 0.899 0.712
0.823 23.4 23.6 24.9 206 221 75323 2852 2795 57 270 7.595 0.905 0.709
0.823 23.4 23.6 24.9 206 221 75323 2852 2795 57 270 7.595 0.905 0.709
0.826 23.3 23.7 24.2 215 228 76680 2795 2738 57 262 7.643 0.917 0.699
0.838 23.2 25.5 23.1 211 227 75857 2772 2715 57 245 8.007 0.931 0.696
0.855 24.1 27.1 22.2 210 228 75430 2774 2717 57 232 8.416 0.932 0.689
0.865 25.5 28.8 21.5 208 230 75108 2719 2662 57 215 8.835 0.932 0.683
0.698 22.5 22.8 23.8 190 221 75644 3115 3057 58 441 5.342 0.836 0.845
0.668 22.6 24.1 23.4 187 223 75535 3077 3019 58 426 5.501 0.838 0.842
0.610 23.8 27.0 23.1 184 226 74965 2933 2875 58 407 5.674 0.856 0.818
0.553 25.8 29.7 22.9 182 227 74277 2784 2726 58 385 5.910 0.847 0.801
0.722 23.4 22.8 24.9 188 222 75834 3119 3061 58 478 4.905 0.642 1.107
0.515 27.7 32.2 23.1 177 227 73379 2627 2569 58 363 6.147 0.842 0.758
0.717 22.7 22.2 24.2 191 220 75660 3192 3134 58 457 5.209 0.824 0.850
0.846 23.8 23.4 24.4 206 219 76243 2840 2783 58 266 7.748 0.902 0.699
0.857 24.3 27.5 21.9 203 223 75161 2809 2752 58 224 8.601 0.913 0.683
0.835 10.9 10.3 10.6 115 106 56485 1624 1500 123 295 5.031 0.782 0.910
0.815 11.1 10.2 11.2 115 105 56588 1564 1440 124 307 4.871 0.760 0.936
0.835 10.9 10.0 11.0 114 105 56697 1574 1450 124 299 4.981 0.802 0.905
0.831 11.0 10.7 10.6 114 106 56572 1559 1435 124 291 5.050 0.820 0.899
0.830 11.4 12.0 10.5 113 106 56313 1490 1366 124 279 5.190 0.819 0.896
0.827 12.2 14.1 10.2 111 108 56268 1497 1373 124 259 5.421 0.826 0.862
0.817 11.5 10.1 11.8 124 109 57378 1587 1464 123 294 4.975 0.806 0.910
0.828 24.6 27.0 24.1 201 221 74962 2967 2847 120 248 7.548 0.911 0.682
0.629 24.0 25.7 24.3 174 223 76364 3047 2928 120 435 5.293 0.787 0.822
0.829 28.5 34.9 24.1 167 222 72423 2249 2128 121 229 7.027 0.851 0.755
0.848 28.6 34.7 23.8 167 222 72660 2174 2052 121 230 7.022 0.857 0.753
0.846 26.3 25.1 26.4 206 226 76732 2437 2381 56 354 5.182 0.894 0.811
0.846 25.9 24.7 26.1 207 226 76918 2389 2333 56 349 5.165 0.899 0.817
0.850 25.6 24.7 26.1 207 227 76985 2401 2344 57 347 5.181 0.900 0.823
0.848 25.9 25.7 25.8 207 227 76718 2174 2118 57 337 5.155 0.944 0.798
0.838 26.0 26.9 25.5 206 226 76066 2192 2135 57 315 5.481 0.909 0.823
0.833 26.6 25.6 27.1 205 226 76584 2411 2355 56 362 5.093 0.868 0.814
0.835 26.7 25.6 27.1 206 226 76538 2401 2345 56 362 5.100 0.870 0.816
0.609 17.2 15.8 18.1 16 214 78071 4371 4251 120 258 6.632 0.809 0.793
0.701 23.5 22.7 24.9 16 224 77495 3090 3032 57 452 5.191 0.798 0.794
0.705 22.8 22.4 24.5 16 224 77495 3172 3115 57 444 5.260 0.796 0.798














































































eta_m eta_v Trcpi  (C) Trcpo  (C) Fc (in-lbf) Tcc  (C) ENN Verdate Xoil (CycTime) Time of one cycle (s) (ON %) ratio of on time to CycTime
0.720 0.969 21.2 96.3 103 32.39 2 52299 0.01
0.762 0.929 8.3 52.2 72 29.56 2 52299 0.01
0.787 0.963 24.5 80.6 97 33.82 2 52299 0.01
0.681 0.970 3.8 85.7 99 32.41 2 52299 0.01
0.768 0.953 36.3 95.5 118 34.7 2 52299 0.01
0.802 0.994 17.8 74.2 93 33.22 2 52299 0.01
0.601 0.795 26.9 91.5 147 29.17 2 52299 0.01
0.718 0.898 20.3 73.8 111 29.3 2 52299 0.01
0.490 0.560 29.6 65.1 93 28.69 2 52299 0.01
0.691 0.855 22.1 69.4 109 28.79 2 52299 0.01
0.703 0.900 18.9 78.1 116 30.12 2 52299 0.01
0.709 0.942 16.2 81.1 120 31.67 2 52299 0.01
0.703 0.952 14.1 83.9 122 31.25 2 52299 0.01
0.687 0.958 12.4 88.3 127 31.58 2 52299 0.01
4.967 6.330 14.2 72.8 75 28.48 2 52299 0.01
5.667 7.313 11.1 73.2 77 28.27 2 52299 0.01
0.736 0.955 11.3 72.9 77 28.33 2 52299 0.01
0.742 0.959 12.4 76.4 77 30.06 2 52299 0.01
0.743 0.961 12.6 75.5 78 29.21 2 52299 0.01
0.759 0.988 12.5 75.6 78 29.14 2 52299 0.01
0.752 0.984 12.4 76.6 79 28.98 2 52299 0.01
0.742 0.984 12.4 79.1 81 28.99 2 52299 0.01
0.759 0.988 12.0 74.7 79 27.98 2 52299 0.01
0.683 0.934 23.2 94.8 125 31.07 2 52299 0.01
0.660 0.923 21.8 98.0 128 31.74 2 52299 0.01
0.995 1.334 23.6 90.9 122 30.83 2 52299 0.01
0.886 1.159 27.1 89.3 119 30.99 2 52299 0.01
0.771 0.984 30.2 86.9 91 30.01 2 52299 0.01
0.746 0.991 29.0 93.1 94 30.81 2 52299 0.01
0.720 0.983 28.2 98.9 95 31.37 2 52299 0.01
0.697 0.971 27.8 104.8 94 32.57 2 52299 0.01
0.673 0.956 27.5 110.4 94 33.81 2 52299 0.01
0.641 0.930 26.1 117.4 94 29.56 2 52299 0.01
0.639 0.943 16.3 108.1 102 28.49 2 52299 0.01
0.650 0.952 18.5 110.5 98 28.85 2 52299 0.01
0.651 0.953 22.4 116.4 97 28.88 2 52299 0.01
0.656 0.985 1.0 77.6 107 28.5 2 52299 0.01
0.639 0.950 6.8 96.0 104 28.82 2 52299 0.01
0.640 0.947 10.8 101.2 103 28.86 2 52299 0.01
0.641 0.947 13.1 104.1 102 28.69 2 52299 0.01
0.641 0.947 13.1 104.1 102 28.69 2 52299 0.01
0.641 0.940 17.9 109.9 99 30.42 2 52299 0.01
0.648 0.949 25.0 119.2 95 29.81 2 52299 0.01
0.642 0.942 28.9 126.2 93 29.72 2 52299 0.01
0.637 0.937 32.4 132.4 89 29.63 2 52299 0.01
0.707 0.965 25.3 97.2 123 25.04 2 52299 0.01
0.706 0.964 29.4 102.0 122 24.18 2 52299 0.01
0.701 0.961 34.7 108.9 120 24.21 2 52299 0.01
0.679 0.939 38.1 114.5 118 24.29 2 52299 0.01
0.711 0.973 15.2 79.3 125 26.91 2 52299 0.01
0.638 0.901 41.5 121.7 116 24.31 2 52299 0.01
0.701 0.963 19.9 91.4 126 26.55 2 52299 0.01
0.631 0.934 16.9 109.6 102 27.09 2 52299 0.01
0.624 0.922 30.2 129.0 91 27.21 2 52299 0.01
0.712 0.925 12.7 74.9 77 24.04 2 52299 0.01
0.711 0.935 4.5 65.4 79 26.71 2 52299 0.01
0.725 0.946 9.0 71.3 78 26.86 2 52299 0.01
0.738 0.955 16.1 78.5 76 26.92 2 52299 0.01
0.734 0.947 20.1 83.1 75 27.12 2 52299 0.01
0.712 0.916 24.2 89.9 71 27.12 2 52299 0.01
0.733 0.941 14.2 75.7 76 25.35 2 52299 0.01
0.621 0.893 28.4 121.3 92 31.66 2 52299 0.01
0.647 0.876 31.7 103.3 121 25.46 2 52299 0.01
0.643 0.897 41.1 124.5 80 23.64 2 52299 0.01
0.645 0.899 41.1 124.7 80 23.71 2 52299 0.01
0.724 0.957 25.2 94.2 96 24.98 2 52299 0.01
0.735 0.965 28.9 97.3 94 24.66 2 52299 0.01
0.740 0.966 34.2 102.3 93 24.15 2 52299 0.01
0.754 0.959 47.0 115.9 88 24.3 2 52299 0.01
0.748 0.971 48.4 118.2 88 24.26 2 52299 0.01
0.706 0.946 18.3 86.9 98 25.13 2 52299 0.01
0.711 0.948 18.4 86.9 97 25.25 2 52299 0.01
0.642 0.929 0.6 79.5 88 27.81 2 52299 0.01
0.633 0.871 26.1 99.0 125 29.27 2 52299 0.01
0.635 0.873 33.8 106.4 125 29.47 2 52299 0.01














































































h_compout (kJ/kg) hci (kJ/kg) hco (kJ/kg) hei (kJ/kg) heo (kJ/kg) h_exit (kJ/kg) h_exit_o_m (kJ/kg) h_compin (kJ/kg) Vc (rpm) Tcai  (C)
314.5 315.7 121.3 121 264.6 246.5 247.3 264.3 2500 43.5
272.8 272.1 120.6 271.8 253.1 362.4 366.7 251.4 43.7
297.6 297.7 122.9 123.5 264.3 242.2 249.5 264.4 43.6
301.3 301.1 127 127.8 253.8 231.6 232.9 250.2 48.7
309.7 309.4 134 134.4 273.4 260.9 264 273.7 49.1
291.2 291.2 121.5 122.5 259.5 235.9 235.6 258.9 43.2
294.3 294.1 171.9 171.2 263.1 260.3 261.7 261.7 71.3
282.8 284.4 150.2 149.8 259.8 244.4 245.7 258.1 790.1 60.0
276.6 276.2 141.8 275.9 263.9 378.6 379.2 262.4 496.8 60.1
277.9 280.7 148.4 276.8 260.4 373.3 373.5 258.7 699.7 60.1
286.9 287.7 150.7 150.3 259.2 244.8 246 257.5 895.4 59.8
289.4 289.4 150.2 150.3 257.9 236.1 238.4 256.1 1096 60.1
291.4 291 149.8 150 257.3 233.9 235.4 255 1299 59.7
295 294.5 151.7 151.8 256.8 232.9 234.1 254.1 1493 60.2
296 295.5 271.8 272 257.1 286.4 286.6 259.1 1299 42.7
295.4 294.9 272.4 126.2 254.9 139.8 139.9 256.6 1298 43.3
295 294.5 126.7 126.4 254.9 231.3 233.8 256.8 1299 43.4
299.1 298.5 124.1 124.1 255.3 229.9 231.1 257.7 1295 43.0
298 297.2 124.3 123.9 255.5 228.5 229.3 257.9 1295 43.1
298.1 297 123.6 123.5 255.3 227.4 228.7 257.9 1295 43.2
299 297.8 120.7 120.9 255 228.6 229.9 257.9 1295 43.3
301 299.8 115.3 115.4 254.8 227.3 228.1 258 1295 43.2
296.7 295.6 126.1 126.2 255.1 225.7 226.6 257.3 1295 43.8
306.7 306.2 158.7 159.2 261.9 248.6 253.4 263.6 1295 60.1
309.8 309.6 161.1 161.5 261.5 249.6 251.3 262.8 1490 60.1
302.9 302.9 156.1 156 262 223.5 224.4 263.5 1095 60.2
302.4 302.2 153.4 153.1 264.4 234.3 235.4 265.9 893.1 60.3
308.5 307.9 131.5 132.1 270.6 238.1 257 271.6 1841 43.4
314.9 314.1 133.6 134.4 270.1 239.2 255.7 271.3 2254 43.3
321 320.4 135.2 136.1 270 240.1 255.7 271.4 2666 43.4
327.4 326.7 136.3 137.3 270 240.7 256.1 271.6 3074 43.4
333.5 333.1 137.2 138.2 270.1 240.1 254.7 271.9 3493 43.4
341 340 139 140 269.1 340 254 271.1 4111 43.3
328 327.3 134.3 131.8 261.5 65.78 241.7 261.9 4114 43.5
331.7 330.8 132.1 130 262.9 56.51 230.6 264.1 4120 43.0
338.5 337.4 130.9 128.9 265.9 51.55 245.1 267.8 4118 44.0
289.4 286.8 141.8 139.3 255.9 79.99 212.1 247.3 4115 43.4
313.2 312 137.6 135.1 256.1 70.55 229.9 253.1 4117 43.5
319.8 318.8 136.3 133.9 257.8 65.79 234.7 256.9 4114 43.5
323.5 322.7 135.3 132.9 259.2 63.09 237.9 259 4112 43.5
323.5 322.7 135.3 132.9 259.2 63.09 237.9 259 4112 43.5
331 330.1 132.7 130.5 262.5 52.51 242.7 263.5 4118 43.5
342.5 341.4 129.1 127.4 268 42.85 248.7 270.2 4118 42.9
350.6 349.4 127.1 125.6 271.1 33.71 252.2 274 4118 43.5
358.2 357 123.9 122.5 273.9 19.63 255.2 277.5 4119 43.5
310 309.5 151.5 147.6 263.7 -121.1 245.2 266.1 1299 59.8
316.5 315.9 149.6 145.9 267.2 -144.4 249.4 270.3 1299 60.0
325.8 324.8 147.8 143.9 271.9 -175.2 253.9 275.7 1299 60.0
333.1 331.9 145.4 141.5 275.1 -217.9 260.3 279.4 1299 60.0
284.6 285.2 157.7 153.9 257.2 -76.29 228.9 255.3 1299 60.3
342.3 340.8 143 138.9 278 -269.9 265.2 282.9 1299 59.9
301.7 301.4 154.4 150.6 259.3 -98.79 240.3 260.4 1299 60.5
329.9 329.1 135.2 132.6 261.8 238.2 243.1 262.5 4112 43.4
354 352.6 126.5 124.7 272.3 233.3 257.3 275.3 4111 43.1
297.4 295.9 125.7 122.9 254.4 190.1 240.7 258 1295 43.1
285.8 284.5 126.1 123.8 250.6 228.5 228.4 250.2 1295 42.9
293.1 291.6 125.7 123.4 252.1 233.7 232.2 254.5 1295 42.9
302 300.3 125 122.6 256.6 236 237 261.2 1295 42.9
307.7 306 124 121.7 259.4 232.8 238.6 265 1295 43.0
316 314.1 122.3 119.7 262.6 231.1 247.4 269.2 1295 42.9
298.9 297.2 125.1 273.1 255.5 388.4 386.7 259.4 1298 42.8
345.8 344.2 138.8 275.5 270.5 382.6 397.3 273.2 4117 43.4
318.9 317.7 157.1 277.9 268.4 381.3 386.7 272.2 1295 59.8
352.2 350.6 128.7 126.2 280.7 236.2 278.1 285.1 2459 43.3
352.3 350.7 128.6 126.2 280.6 240.2 274.1 285 2460 43.3
314.7 313 137.5 99.77 257.5 215.5 213 267.9 2486 43.8
318.8 317.1 136.4 100.2 257.1 219.9 217.7 271.5 2486 43.3
324.7 323.1 136.2 102.7 257.1 228.1 225.3 276.5 2485 42.7
341.1 339.8 135.3 113.1 263.9 238.5 241.8 288.5 2481 43.1
343.8 342.4 134.3 114.1 267.1 235.5 248.3 290.2 2479 43.2
305.6 304 137.8 98.87 257.7 207 205.4 261.4 2486 43.5
305.6 304 137.7 98.95 257.8 206.9 205.2 261.4 2487 43.7
298.9 298.1 134.1 82.45 251.9 185.8 185.8 248.2 2457 43.2
312.6 311.7 158.2 98.07 256.9 197.1 197 266.6 1295 59.6
322.2 320.8 157.5 98.96 256.4 208.1 207.2 274 1295 59.6














































































AFR_scfm_Cond(scfm) Teai (C) AFR_scfm_Evap(scfm) AFR_scfm_Evap_o_m (scfm) Rhea_in DP_suction line(kPa)
1256.0 43.3 249.9 249.8 0.500 98.5
800.0 26.9 176.3 176.3 0.496 7.3
949.9 43.5 249.6 249.4 0.493 46.5
1249.0 48.7 250.7 250.7 0.151 87.7
949.2 65.4 249.0 249.0 0.205 51.6
950.2 43.7 250.4 250.4 0.392 45.6
802.8 48.7 249.8 249.7 0.164 10.3
800.4 43.2 249.6 249.6 0.283 9.1
801.7 43.2 249.3 249.3 0.307 -4.1
801.0 43.2 250.7 250.7 0.308 5
797.5 43.5 247.7 247.7 0.259 13.5
801.6 43.1 250.2 250.2 0.255 24.2
801.4 43.1 248.3 248.3 0.255 34.6
800.1 43.1 247.9 247.9 0.252 42.4
799.8 26.6 173.8 173.8 0.504 16.4
798.1 26.6 173.8 173.8 0.505 14.8
809.5 26.6 173.9 173.9 0.507 15.9
799.6 26.8 174.9 174.9 0.497 13.5
798.1 26.5 173.7 173.7 0.508 14.1
799.8 26.6 174.0 174.0 0.504 15.4
800.0 26.7 174.0 174.0 0.497 15.8
800.4 26.6 174.0 174.0 0.509 15.5
797.2 26.5 174.5 174.5 0.515 16
794.6 43.5 249.4 249.4 0.249 20.7
795.5 43.4 248.7 248.7 0.248 27.1
796.5 43.4 250.5 250.5 0.226 12
796.1 43.4 250.5 250.5 0.246 5.3
1250.0 43.6 250.0 249.6 0.491 42.5
1249.0 43.6 249.3 249.1 0.494 58.7
1249.0 43.6 249.5 249.2 0.493 71.7
1249.0 43.6 249.5 249.2 0.493 84
1248.0 43.5 249.2 248.9 0.496 95
1252.0 43.5 248.6 250.4 0.495 113.7
1246.0 43.5 251.5 247.4 0.511 128.4
1251.0 43.6 251.7 247.8 0.493 123.1
1249.0 43.7 251.7 247.5 0.490 117.4
1248.0 43.5 252.3 248.3 0.496 141.4
1247.0 43.5 251.9 247.8 0.496 132
1247.0 43.5 252.1 247.9 0.496 130.7
1247.0 43.5 252.1 247.9 0.495 129.2
1247.0 43.5 252.1 247.9 0.495 129.2
1249.0 43.2 255.5 251.2 0.501 123.3
1249.0 43.0 254.8 250.5 0.509 112.2
1246.0 43.0 254.9 250.7 0.510 102.8
1247.0 42.9 255.6 251.6 0.510 91.9
801.3 43.1 252.1 247.5 0.256 20.8
801.4 43.2 253.1 248.4 0.252 19.7
801.2 43.2 253.9 249.2 0.253 17.6
801.2 43.2 254.1 249.4 0.251 15.2
800.9 43.7 252.5 248.1 0.246 20.4
801.6 43.2 253.4 248.7 0.252 12
800.9 43.7 251.4 246.9 0.245 21.1
1257.0 43.2 247.4 247.3 0.507 126.1
1251.0 43.0 249.2 248.7 0.507 98.6
801.1 26.7 175.0 174.6 0.501 15.5
800.3 26.6 174.0 174.0 0.499 15.3
799.8 26.7 174.2 174.2 0.500 16.5
799.9 26.7 174.4 174.4 0.502 14.7
799.9 26.7 174.7 174.6 0.502 12.8
800.9 26.6 176.3 176.2 0.501 8.9
799.0 27.0 177.7 177.7 0.487 17
1227.0 43.5 248.2 248.0 0.493 106.1
810.1 43.4 248.3 248.2 0.249 18
949.1 43.5 247.0 246.6 0.496 31.8
949.3 43.5 247.6 247.2 0.496 31.8
951.8 43.8 250.1 250.1 0.485 167.3
950.6 43.2 250.4 250.4 0.500 166.4
950.2 43.1 250.7 250.7 0.507 166.8
948.3 43.0 251.2 251.1 0.511 158.7
950.0 43.2 250.6 250.4 0.505 158.3
951.1 43.7 250.1 250.1 0.491 167.7
951.2 43.7 249.9 249.9 0.491 168.2
947.2 43.4 247.0 247.0 0.133 113.6
799.8 43.1 249.7 249.7 0.253 52
800.9 43.2 249.6 249.6 0.250 51.4
799.7 43.1 249.0 249.0 0.253 50.4
190
A$ - Filename COP COP_o_m W_comp (kW) QEvap_mean (kW)
158 m991028_I0_30degSH_CS_SLHX_manual 1.75 1.78 1.93 3.364
159 m991029_I0_50degSH_CS_SLHX_manual 1.63 1.78 1.85 3.019
160 m991029_I0_45degSH_CS_SLHX_manual 1.74 1.81 1.89 3.290
161 m991018_H01_32degSH_CS_SLHX_manual 1.53 1.50 4.49 6.875
162 m991018_H01_35degSH_CS_SLHX_manual 1.51 1.53 4.48 6.774
163 m991018_H01_15degSH_CS_SLHX_manual 1.39 1.39 4.69 6.519
164 m991019_H01_25degSH_CS_SLHX_manual 1.42 1.46 4.58 6.524
165 m991027_H01_132comp_CS_SLHX_manual 1.57 1.57 4.39 6.870
166 m991027_H01_136comp_CS_SLHX_manual 1.57 1.59 4.32 6.794
167 m991027_H01_55degSH_CS_SLHX_manual 1.43 1.57 4.16 5.939
168 m991027_H01_60degSH_CS_SLHX_manual 1.20 1.54 3.99 4.783
169 m990925_I12_charge_CS_SLHX_manual 2.42 2.39 1.11 2.685
170 m991020_I12_9degSH_CS_SLHX_manual 2.19 2.18 1.20 2.636
171 m991020_I12_15degSH_CS_SLHX_manual 2.24 2.20 1.19 2.668
172 m991020_I12_25degSH_CS_SLHX_manual 2.29 2.29 1.17 2.675
173 m991020_I12_48degSH_CS_SLHX_manual 2.17 2.25 1.07 2.329
174 m991102_I12_35degSH_CS_SLHX_manual 2.31 2.33 1.14 2.642
175 m991102_I12_46degSH_CS_SLHX_manual 2.25 2.26 1.10 2.465
176 m991102_I12_47degSH_CS_SLHX_manual 2.19 2.28 1.07 2.345
177 m991103_M1_5degsh_conscroll_manual 1.98 2.01 3.19 6.320
178 m991103_M1_9degsh_conscroll_manual 2.01 2.09 3.12 6.263
179 m991103_M1_15degsh_conscroll_manual 1.89 2.12 3.02 5.714
180 m991103_M1_20degsh_conscroll_manual 1.74 2.14 2.92 5.083
181 m991103_M1_25degsh_conscroll_manual 1.52 2.09 2.77 4.224
182 m991103_M1_38degsh_conscroll_manual 1.39 2.02 2.63 3.653
183 m991115_I12_10degSH_CS_1m_SLHX_manual 2.20 2.22 1.17 2.567
184 m991118_I0_17degSH_CS_1m_SLHX_manual 1.70 1.71 1.91 3.244
185 m991118_I0_38degSH_CS_1m_SLHX_manual 1.73 1.78 1.88 3.260
186 m991118_I0_44degSH_CS_1m_SLHX_manual 1.67 1.75 1.84 3.085
187 m991118_I0_48degSH_CS_1m_SLHX_manual 1.46 1.60 1.78 2.590
188 m991120_M01_18degSH_CS_1m_SLHX_manual 2.10 2.12 3.03 6.345
189 m991120_M01_28degSH_CS_1m_SLHX_manual 2.14 2.18 3.03 6.491
190 m991120_M01_35degSH_CS_1m_SLHX_manual 2.02 2.18 2.99 6.044
191 m991120_M01_42degSH_CS_1m_SLHX_manual 1.50 2.02 2.88 4.334
192 m991120_M01_8degSH_CS_1m_SLHX_manual 2.00 2.03 3.04 6.092
193 m991120_H01_12degSH_CS_1m_SLHX_manual 1.46 0.71 4.76 6.917
194 m991120_H01_20degSH_CS_1m_SLHX_manual 1.51 1.19 4.70 7.091
195 m991120_H01_27degSH_CS_1m_SLHX_manual 1.54 1.56 4.67 7.195
196 m991120_H01_35degSH_CS_1m_SLHX_manual 1.56 1.60 4.65 7.240
197 m991120_H01_41degSH_CS_1m_SLHX_manual 1.53 1.60 4.60 7.020
198 m991124_I0_10degSH_2parallel_SLHX_manual 1.79 1.79 1.99 3.559
199 m991124_I0_18degSH_2parallel_SLHX_manual 1.87 1.87 2.03 3.789
200 m991124_I0_25degSH_2parallel_SLHX_manual 1.86 1.85 2.05 3.826
201 m991124_I0_34degSH_2parallel_SLHX_manual 1.78 1.79 2.20 3.912
202 m991124_I0_40degSH_2parallel_SLHX_manual 1.48 1.56 2.33 3.441
203 m991129_M01_10degSH_2parallel_SLHX_manual 2.06 2.01 3.38 6.958
204 m991129_M01_18degSH_2parallel_SLHX_manual 2.10 2.01 3.40 7.139
205 m991129_M01_25degSH_2parallel_SLHX_manual 2.11 2.07 3.45 7.285
206 m991129_M01_34degSH_2parallel_SLHX_manual 1.98 2.05 3.61 7.159
207 m991129_M01_35degSH_2parallel_SLHX_manual 1.98 0.98 3.61 7.155
208 m991129_M01_40degSH_2parallel_SLHX_manual 1.64 1.82 3.60 5.903
209 m991130_H01_10degSH_2parallel_SLHX_manual 1.34 1.37 5.24 7.001
210 m991130_H01_20degSH_2parallel_SLHX_manual 1.43 1.48 5.09 7.277
211 m991130_H01_30degSH_2parallel_SLHX_manual 1.55 1.54 4.95 7.661
212 m991130_H01_37degSH_2parallel_SLHX_manual 1.58 1.65 4.89 7.721
213 m991130_H01_47degSH_2parallel_SLHX_manual 1.69 1.74 4.73 7.978
214 m991201_H01_56degSH_2parallel_SLHX_manual 1.53 1.65 4.42 6.745
215 m991201_H01_58degSH_2parallel_SLHX_manual 1.36 1.63 4.22 5.738
216 m991201_I0_13degSH_2parallel_SLHX_manual_dry1 1.88 1.93 1.85 3.476
217 m991201_I0_13degSH_2parallel_SLHX_manual_dry2 1.78 1.80 1.79 3.179
218 m991202_18_7mr 2.40 2.43 1.09 2.624
219 m991202_24_3mr 2.16 2.19 1.44 3.121
220 m991202_28_9mr 1.89 1.91 1.86 3.516
221 m991202_32_9mr 1.60 1.61 2.32 3.708
222 m991202_37_2mr 1.30 1.30 3.02 3.922
223 m991208_H01_14degSH_1_5m_SLHX_manual 1.35 1.34 4.89 6.577
224 m991208_H01_24degSH_1_5m_SLHX_manual 1.44 1.48 4.78 6.879
225 m991208_H01_33degSH_1_5m_SLHX_manual 1.52 1.53 4.70 7.143
226 m991208_H01_45degSH_1_5m_SLHX_manual 1.53 1.63 4.65 7.128
231 m991215_M01_8degSH_2parallel_SLHX_microevap_manual 2.12 2.12 3.47 7.375
232 m991215_M01_18degSH_2parallel_SLHX_microevap_manual 2.21 2.20 3.44 7.617
233 m991215_M01_27degSH_2parallel_SLHX_microevap_manual 2.21 2.16 3.54 7.831
234 m991218_M01_37degSH_2parallel_SLHX_microevap_manual 2.33 2.18 3.33 7.747
235 m991218_M01_39degSH_2parallel_SLHX_microevap_manual 2.35 2.04 3.29 7.726
236 m991222_H01_58degSH_2parallel_SLHX_microevap_manual 1.56 1.60 4.15 6.475














































































QEvap_mean_o_m (kW) Q_latent (kW) Q_latent_o_m (kW) Q_sensible (kW) Q_Evap (kW) Q_Evap_o_m (kW) Qevap_air (kW)
3.417 0.223 0.276 3.141 3.523 3.578 3.205
3.283 0.061 0.324 2.959 3.196 3.466 2.842
3.408 0.273 0.391 3.018 3.391 3.512 3.189
6.740 4.165 4.031 2.709 7.013 6.875 6.736
6.865 4.171 4.262 2.602 6.853 6.946 6.694
6.529 3.987 3.997 2.532 6.601 6.612 6.436
6.675 3.917 4.068 2.607 6.639 6.793 6.410
6.873 4.213 4.216 2.657 6.964 6.967 6.777
6.873 4.134 4.213 2.660 6.874 6.955 6.714
6.544 3.312 3.917 2.627 6.023 6.643 5.854
6.127 2.206 3.549 2.578 4.852 6.227 4.715
2.645 1.401 1.361 1.284 2.511 2.470 2.858
2.617 1.192 1.173 1.444 2.590 2.571 2.682
2.626 1.220 1.178 1.448 2.613 2.570 2.723
2.678 1.224 1.227 1.451 2.611 2.614 2.740
2.416 0.960 1.047 1.369 2.273 2.362 2.386
2.662 1.159 1.180 1.483 2.593 2.615 2.690
2.472 1.019 1.025 1.447 2.444 2.450 2.487
2.441 0.938 1.033 1.407 2.330 2.428 2.360
6.404 3.845 3.928 2.475 6.380 6.465 6.261
6.524 3.752 4.013 2.511 6.313 6.580 6.214
6.410 3.225 3.921 2.489 5.731 6.443 5.698
6.241 2.592 3.750 2.491 5.093 6.278 5.073
5.806 1.786 3.368 2.438 4.233 5.852 4.215
5.305 1.358 3.010 2.295 3.660 5.350 3.646
2.590 1.164 1.187 1.403 2.529 2.553 2.605
3.275 0.162 0.193 3.082 3.375 3.407 3.112
3.353 0.212 0.306 3.048 3.375 3.472 3.144
3.222 0.247 0.384 2.839 3.180 3.320 2.991
2.837 0.110 0.357 2.480 2.691 2.944 2.489
6.431 3.769 3.856 2.576 6.486 6.574 6.204
6.589 3.921 4.019 2.570 6.613 6.714 6.368
6.529 3.474 3.960 2.570 6.172 6.669 5.916
5.812 1.895 3.373 2.439 4.424 5.936 4.244
6.182 3.555 3.645 2.537 6.240 6.333 5.943
3.367 4.230 0.680 2.687 7.005 3.371 6.829
5.575 4.322 2.806 2.769 7.211 5.659 6.971
7.302 4.391 4.498 2.804 7.316 7.426 7.075
7.419 4.426 4.605 2.814 7.353 7.536 7.127
7.351 4.215 4.546 2.805 7.136 7.476 6.903
3.556 0.242 0.239 3.317 3.748 3.745 3.370
3.799 0.397 0.406 3.393 3.947 3.957 3.632
3.791 0.406 0.371 3.420 4.047 4.011 3.604
3.927 0.509 0.524 3.403 4.116 4.131 3.708
3.638 0.169 0.366 3.272 3.673 3.875 3.209
6.798 4.026 3.865 2.932 7.214 7.050 6.703
6.826 4.208 3.895 2.932 7.382 7.062 6.896
7.137 4.304 4.156 2.981 7.529 7.378 7.041
7.384 4.010 4.234 3.150 7.424 7.654 6.895
3.551 4.040 0.436 3.115 7.396 3.705 6.915
6.559 3.006 3.662 2.897 6.105 6.776 5.701
7.162 4.043 4.204 2.958 7.269 7.434 6.733
7.516 4.280 4.519 2.997 7.540 7.786 7.014
7.645 4.644 4.628 3.017 7.788 7.772 7.534
8.066 4.679 5.023 3.042 7.879 8.231 7.564
8.216 4.901 5.138 3.078 8.088 8.331 7.869
7.303 3.567 4.125 3.178 7.050 7.621 6.441
6.860 2.730 3.852 3.008 5.982 7.131 5.494
3.563 -0.246 -0.160 3.723 3.707 3.794 3.245
3.227 -0.188 -0.141 3.368 3.334 3.382 3.024
2.657 -0.090 -0.056 2.713 2.678 2.711 2.569
3.160 -0.195 -0.156 3.316 3.274 3.314 2.967
3.552 -0.251 -0.214 3.766 3.725 3.761 3.306
3.725 -0.222 -0.205 3.930 3.910 3.928 3.505
3.934 -0.190 -0.178 4.112 4.096 4.109 3.747
6.547 3.991 3.961 2.586 6.680 6.649 6.474
7.048 4.185 4.354 2.694 6.988 7.161 6.770
7.178 4.388 4.423 2.755 7.245 7.281 7.040
7.580 4.310 4.761 2.818 7.262 7.725 6.994
7.361 4.616 4.602 2.759 7.347 7.333 7.402
7.573 4.892 4.848 2.724 7.545 7.500 7.689
7.633 5.067 4.869 2.764 7.757 7.554 7.905
7.249 4.864 4.366 2.884 7.873 7.364 7.621
6.724 4.896 3.895 2.829 7.862 6.836 7.590
6.634 3.567 3.726 2.908 6.607 6.770 6.343














































































Qevap_air_o_m (kW) Qeag (kW) Qeag_o_m (kW) Qer (kW) Qer_Refprop (kW) Qetr (kW) ErrEvap_tot ErrEvap_tot_o_m ErrEvap_a
3.257 3.231 3.283 4.685 4.759 0.107 -4.725 -4.691 4.725
3.099 2.980 3.237 3.459 3.500 0.110 -5.864 -5.586 5.864
3.304 3.237 3.352 3.663 3.720 0.109 -3.067 -3.046 3.067
6.604 6.777 6.645 8.777 8.885 0.111 -2.015 -2.010 2.015
6.783 6.743 6.832 8.480 8.585 0.105 -1.177 -1.194 1.177
6.446 6.493 6.503 9.921 10.050 0.104 -1.266 -1.269 1.266
6.557 6.466 6.613 9.230 9.345 0.109 -1.753 -1.769 1.753
6.780 6.818 6.821 7.660 7.754 0.111 -1.358 -1.360 1.358
6.791 6.761 6.838 7.249 7.331 0.113 -1.177 -1.192 1.177
6.445 5.976 6.567 6.824 6.882 0.114 -1.424 -1.511 1.424
6.027 4.860 6.172 6.294 6.335 0.111 -1.438 -1.636 1.438
2.820 2.700 2.661 4.071 4.109 0.013 6.470 6.610 -6.470
2.664 2.682 2.664 4.035 4.075 0.011 1.744 1.776 -1.744
2.683 2.707 2.666 3.839 3.876 0.012 2.065 2.144 -2.065
2.743 2.732 2.735 3.585 3.620 0.015 2.411 2.404 -2.411
2.470 2.398 2.482 2.500 2.517 0.015 2.432 2.242 -2.432
2.710 2.697 2.717 3.240 3.271 0.003 1.825 1.787 -1.825
2.493 2.495 2.501 2.646 2.669 0.001 0.878 0.867 -0.878
2.453 2.382 2.475 2.541 2.559 -0.003 0.647 0.510 -0.647
6.342 6.301 6.382 7.124 7.181 0.102 -0.945 -0.965 0.945
6.469 6.248 6.503 7.015 7.067 0.098 -0.788 -0.852 0.788
6.377 5.807 6.486 6.770 6.816 0.099 -0.288 -0.513 0.288
6.204 5.194 6.324 6.483 6.524 0.100 -0.194 -0.594 0.194
5.760 4.343 5.887 5.996 6.030 0.099 -0.218 -0.791 0.218
5.260 3.886 5.499 5.425 5.452 0.100 -0.197 -0.845 0.197
2.627 2.602 2.625 3.670 3.706 0.011 1.476 1.436 -1.476
3.143 3.177 3.207 4.701 4.778 0.101 -4.053 -4.040 4.053
3.235 3.194 3.285 3.577 3.631 0.102 -3.550 -3.520 3.550
3.125 3.164 3.297 3.431 3.471 0.107 -3.065 -3.037 3.065
2.730 2.769 3.010 3.029 3.054 0.110 -3.906 -3.769 3.906
6.288 6.261 6.345 7.846 7.951 0.109 -2.218 -2.221 2.218
6.464 6.436 6.532 7.122 7.219 0.109 -1.890 -1.898 1.890
6.390 6.013 6.486 6.799 6.877 0.108 -2.114 -2.134 2.114
5.688 4.384 5.827 5.935 5.985 0.107 -2.073 -2.138 2.073
6.031 6.009 6.097 8.480 8.593 0.110 -2.442 -2.442 2.442
3.364 6.831 3.366 9.525 9.648 0.106 -1.276 -0.099 1.276
5.491 6.987 5.507 8.976 9.093 0.104 -1.694 -1.507 1.694
7.179 7.070 7.174 8.478 8.588 0.104 -1.675 -1.687 1.675
7.302 7.118 7.293 7.875 7.979 0.104 -1.558 -1.580 1.558
7.226 6.903 7.226 7.523 7.609 0.104 -1.666 -1.701 1.666
3.366 3.440 3.437 5.738 5.826 0.122 -5.320 -5.324 5.320
3.641 3.713 3.723 5.320 5.404 0.123 -4.160 -4.157 4.160
3.570 3.694 3.660 5.011 5.092 0.122 -5.783 -5.816 5.783
3.723 3.828 3.843 4.493 4.573 0.122 -5.211 -5.203 5.211
3.401 3.401 3.593 3.818 3.882 0.121 -6.751 -6.517 6.751
6.546 6.809 6.652 9.719 9.854 0.107 -3.676 -3.708 3.676
6.591 7.013 6.708 9.196 9.325 0.109 -3.400 -3.447 3.400
6.896 7.149 7.004 8.537 8.661 0.111 -3.353 -3.374 3.353
7.113 6.921 7.140 7.549 7.659 0.108 -3.698 -3.660 3.698
3.398 6.999 3.484 7.614 7.720 0.110 -3.358 -4.312 3.358
6.341 5.827 6.467 6.832 6.916 0.110 -3.421 -3.320 3.421
6.890 6.796 6.953 12.030 12.190 0.106 -3.830 -3.799 3.830
7.247 6.743 6.976 11.100 11.240 0.106 -3.617 -3.580 3.617
7.518 7.507 7.491 10.080 10.210 0.109 -1.657 -1.657 1.657
7.900 7.648 7.984 9.623 9.747 0.111 -2.037 -2.055 2.037
8.100 7.962 8.193 8.319 8.424 0.111 -1.374 -1.406 1.374
6.985 6.632 7.176 7.566 7.625 0.113 -4.514 -4.354 4.514
6.589 5.688 6.783 7.074 7.119 0.116 -4.256 -3.952 4.256
3.332 3.374 3.460 3.595 3.640 0.112 -6.646 -6.487 6.646
3.072 3.143 3.191 3.257 3.298 0.112 -4.882 -4.809 4.882
2.603 2.573 2.607 2.728 2.768 0.109 -2.071 -2.043 2.071
3.006 2.974 3.014 3.698 3.753 0.107 -4.930 -4.869 4.930
3.343 3.318 3.355 4.508 4.575 0.109 -5.952 -5.891 5.952
3.523 3.528 3.545 5.145 5.223 0.108 -5.460 -5.436 5.460
3.759 3.759 3.771 5.867 5.957 0.108 -4.462 -4.449 4.462
6.445 6.573 6.544 10.240 10.370 0.100 -1.567 -1.565 1.567
6.935 6.883 7.048 9.439 9.561 0.100 -1.587 -1.607 1.587
7.075 7.148 7.182 8.651 8.764 0.099 -1.432 -1.439 1.432
7.435 7.094 7.535 8.021 8.114 0.101 -1.882 -1.914 1.882
7.388 7.337 7.323 -1.225 -1.158 0.100 0.371 0.375 -0.371
7.646 7.573 7.530 -1.212 -1.152 0.097 0.948 0.966 -0.948
7.712 7.763 7.570 -1.292 -1.233 0.096 0.948 1.033 -0.948
7.135 7.800 7.315 6.996 7.094 0.102 -1.627 -1.576 1.627
6.612 7.780 6.803 6.764 6.849 0.103 -1.758 -1.667 1.758
6.498 6.564 6.718 6.713 6.765 0.125 -2.042 -2.052 2.042














































































ErrEvap_a_o_m ErrEvap_r ErrEvap_r_o_m QCond_mean (kW) Q_Cond1 (kW) Qca (kW) Qcr (kW) Qcr_Refprop (kW) Qctr (kW)
4.691 -41.460 -39.260 5.213 -5.079 5.348 5.265 5.244 0.106
5.586 -15.920 -6.618 4.873 -4.762 4.985 4.940 4.915 0.091
3.046 -13.050 -9.140 5.111 -5.074 5.148 5.158 5.132 0.086
2.010 -29.240 -31.830 11.340 -11.710 10.960 11.400 11.370 0.056
1.194 -26.740 -25.060 11.360 -11.940 10.790 11.470 11.440 0.046
1.269 -54.100 -53.860 11.260 -11.880 10.640 11.550 11.530 0.043
1.769 -43.240 -40.000 11.370 -11.850 10.890 11.510 11.480 0.047
1.360 -12.870 -12.820 11.310 -11.680 10.930 11.220 11.180 0.043
1.192 -7.899 -6.656 11.060 -11.600 10.510 11.060 11.030 0.037
1.511 -15.880 -5.166 10.570 -11.070 10.060 10.540 10.510 0.051
1.636 -32.440 -3.396 9.869 -10.450 9.289 9.873 9.840 0.043
-6.610 -53.040 -55.350 3.087 -4.143 2.031 3.939 3.956 0.025
-1.776 -54.600 -55.700 3.755 -3.904 3.607 3.927 3.941 0.044
-2.144 -45.270 -47.590 3.816 -4.019 3.613 3.922 3.932 0.042
-2.404 -35.310 -35.150 3.735 -4.027 3.443 3.868 3.873 0.037
-2.242 -8.067 -4.181 3.209 -3.472 2.945 3.362 3.359 0.032
-1.787 -23.820 -22.850 3.742 -3.992 3.492 3.826 3.827 0.022
-0.867 -8.253 -7.975 3.490 -3.718 3.263 3.564 3.562 0.027
-0.510 -9.103 -4.835 3.506 -3.616 3.395 3.417 3.414 0.036
0.965 -13.620 -12.140 9.779 -9.978 9.579 9.748 9.768 0.023
0.852 -12.830 -8.312 9.738 -10.030 9.450 9.714 9.730 0.027
0.513 -19.280 -6.339 9.471 -9.820 9.121 9.455 9.469 0.024
0.594 -28.340 -4.535 9.108 -9.460 8.756 9.102 9.114 0.021
0.791 -42.750 -3.849 8.505 -8.932 8.078 8.508 8.517 0.017
0.845 -49.240 -2.779 7.790 -8.204 7.375 7.798 7.804 0.011
-1.436 -44.370 -43.070 3.708 -3.889 3.526 3.820 3.832 0.038
4.040 -47.290 -45.890 5.016 -4.918 5.115 5.171 5.155 0.089
3.520 -11.400 -8.284 5.014 -4.989 5.039 5.136 5.112 0.087
3.037 -12.490 -7.710 4.818 -4.854 4.783 4.925 4.901 0.073
3.769 -17.930 -7.643 4.324 -4.329 4.319 4.417 4.395 0.070
2.221 -25.310 -23.630 9.564 -9.799 9.330 9.478 9.493 0.051
1.898 -11.220 -9.565 9.796 -10.060 9.527 9.646 9.663 0.052
2.134 -13.780 -5.318 9.659 -9.927 9.391 9.508 9.524 0.054
2.138 -38.090 -2.981 8.691 -8.961 8.421 8.544 8.556 0.054
2.442 -41.050 -39.000 9.302 -9.521 9.083 9.284 9.301 0.050
0.099 -39.480 -186.500 11.640 -12.200 11.080 11.670 11.680 0.049
1.507 -28.230 -63.120 11.840 -12.380 11.300 11.810 11.820 0.048
1.687 -19.360 -17.610 11.910 -12.480 11.340 11.870 11.870 0.046
1.580 -10.210 -7.553 11.960 -12.520 11.400 11.910 11.920 0.046
1.701 -8.395 -3.506 11.840 -12.360 11.320 11.760 11.770 0.047
5.324 -63.710 -63.860 5.460 -5.496 5.425 5.562 5.580 0.076
4.157 -42.600 -42.240 5.514 -5.714 5.315 5.734 5.754 0.072
5.816 -33.100 -34.330 5.851 -5.806 5.897 5.837 5.857 0.075
5.203 -16.890 -16.450 6.070 -6.055 6.085 6.044 6.066 0.078
6.517 -12.820 -6.711 5.729 -5.725 5.734 5.704 5.722 0.079
3.708 -41.610 -44.950 10.550 -10.890 10.200 10.520 10.570 0.030
3.447 -30.610 -36.600 10.780 -11.130 10.430 10.690 10.740 0.030
3.374 -18.880 -21.350 11.040 -11.360 10.720 10.860 10.900 0.027
3.660 -6.982 -3.731 10.850 -10.750 10.950 10.810 10.850 0.014
4.312 -7.897 -117.400 11.110 -11.460 10.770 10.890 10.930 0.026
3.320 -17.160 -5.443 10.440 -10.520 10.360 10.080 10.110 0.023
3.799 -74.080 -70.170 12.610 -12.860 12.360 12.680 12.670 0.045
3.580 -54.410 -49.490 12.810 -13.100 12.520 12.740 12.710 0.048
1.657 -33.310 -33.590 12.510 -13.340 11.680 12.670 12.640 0.014
2.055 -26.240 -20.850 12.750 -13.170 12.330 12.650 12.610 0.005
1.406 -5.581 -2.529 12.650 -13.110 12.200 12.500 12.460 0.010
4.354 -13.040 -4.405 11.760 -11.740 11.790 11.510 11.470 0.026
3.952 -24.070 -3.771 11.130 -11.090 11.170 10.830 10.790 0.029
6.487 -4.702 -2.163 4.864 -4.706 5.021 5.039 5.015 0.067
4.809 -3.732 -2.192 4.476 -4.417 4.535 4.673 4.651 0.056
2.043 -5.484 -4.164 3.035 -3.256 2.815 3.385 3.376 0.071
4.869 -20.260 -18.770 4.257 -4.141 4.372 4.348 4.332 0.078
5.891 -30.140 -28.810 4.972 -4.770 5.174 5.135 5.113 0.077
5.436 -40.870 -40.220 5.917 -5.786 6.049 5.858 5.829 0.067
4.449 -51.910 -51.430 6.778 -6.659 6.897 6.775 6.737 0.070
1.565 -57.640 -58.360 11.630 -12.150 11.110 11.660 11.650 0.027
1.607 -39.000 -35.660 11.820 -12.360 11.270 11.770 11.760 0.028
1.439 -22.700 -22.100 11.930 -12.430 11.430 11.850 11.850 0.028
1.914 -13.830 -7.046 12.190 -12.320 12.050 13.200 13.200 0.029
-0.375 115.700 115.700 10.660 -11.030 10.290 10.710 10.780 0.011
-0.966 115.100 115.200 10.700 -11.150 10.260 10.690 10.740 -0.001
-1.033 115.700 116.200 10.810 -11.200 10.410 10.690 10.730 0.000
1.576 8.439 2.150 10.490 -10.580 10.400 10.120 10.150 0.032
1.667 11.350 -1.862 10.160 -10.220 10.090 9.801 9.827 0.030
2.052 -4.471 -1.976 10.980 -10.860 11.090 10.480 10.450 0.040














































































Q_glycol (kW) ErrCond_tot ErrCond_a ErrCond_r Denr mr (g/s) mrc (g/s) Pcri (kPa) Pcro(kPa) DPcr(kPa)
6.349 2.580 -2.580 -0.579 1.165 30.66 29.43 2352 2311 40.7
7.610 2.293 -2.293 -0.848 1.097 24.28 23.34 2243 2221 22.0
7.700 0.727 -0.727 -0.404 1.117 26.50 25.98 2292 2259 33.0
14.780 -3.304 3.304 -0.307 1.171 56.44 57.75 1882 1776 106.5
14.940 -5.043 5.043 -0.659 1.164 55.40 57.45 1888 1784 103.9
15.020 -5.492 5.492 -2.448 1.175 62.97 64.42 1935 1807 127.9
14.480 -4.190 4.190 -0.957 1.172 58.97 60.46 1915 1801 114.5
14.980 -3.319 3.319 1.079 1.145 51.73 53.70 1872 1779 93.3
15.010 -4.955 4.955 0.278 1.134 49.46 51.75 1844 1757 86.2
14.230 -4.795 4.795 0.547 1.122 45.13 47.30 1783 1711 72.6
14.420 -5.875 5.875 0.290 1.118 40.64 42.93 1722 1663 59.7
6.078 -34.200 34.200 -28.160 1.243 23.57 24.59 1376 1343 32.7
6.532 -3.955 3.955 -4.949 1.230 23.54 23.22 1504 1472 31.7
7.585 -5.317 5.317 -3.030 1.231 22.41 22.80 1498 1467 30.7
7.406 -7.816 7.816 -3.686 1.230 21.05 21.79 1481 1454 26.8
7.094 -8.207 8.207 -4.691 1.171 15.72 16.16 1398 1384 14.1
8.333 -6.680 6.680 -2.272 1.217 19.60 20.34 1462 1437 24.9
8.295 -6.514 6.514 -2.043 1.183 17.09 17.75 1416 1401 15.5
8.442 -3.160 3.160 2.618 1.170 16.01 16.88 1395 1379 15.9
12.240 -2.037 2.037 0.103 1.044 60.87 61.89 2037 1939 97.4
12.140 -2.964 2.964 0.081 1.050 56.95 58.43 2024 1937 86.5
12.150 -3.689 3.689 0.020 1.062 51.57 53.29 1986 1915 71.2
12.180 -3.867 3.867 -0.060 1.072 47.10 48.74 1947 1886 60.1
12.220 -5.022 5.022 -0.141 1.084 41.36 43.25 1882 1836 45.5
12.280 -5.319 5.319 -0.179 1.097 35.60 37.33 1812 1779 33.4
7.268 -4.901 4.901 -3.357 1.206 22.48 22.71 1471 1442 28.3
8.153 1.965 -1.965 -2.778 1.138 32.60 30.82 2338 2296 42.6
8.178 0.491 -0.491 -1.949 1.092 27.23 26.36 2272 2243 28.4
8.390 -0.734 0.734 -1.713 1.080 24.97 24.53 2233 2208 24.8
8.471 -0.113 0.113 -1.636 1.071 20.97 20.50 2150 2134 16.2
13.440 -2.449 2.449 0.744 1.150 52.15 53.63 1989 1917 71.7
13.360 -2.744 2.744 1.358 1.142 48.36 50.25 2018 1960 58.1
13.260 -2.770 2.770 1.393 1.134 44.47 46.28 2026 1980 46.4
13.260 -3.104 3.104 1.556 1.137 36.44 38.13 1962 1934 27.5
13.490 -2.352 2.352 0.008 1.152 56.09 57.15 1976 1891 85.4
16.070 -4.811 4.811 -0.339 1.160 62.19 64.70 1985 1882 103.0
16.130 -4.550 4.550 0.184 1.161 58.68 61.26 1986 1897 89.3
16.130 -4.762 4.762 0.315 1.159 55.80 58.48 1986 1907 78.9
16.150 -4.689 4.689 0.396 1.152 52.69 55.26 2002 1934 68.0
16.160 -4.390 4.390 0.637 1.144 49.01 51.42 2007 1951 56.6
9.804 -0.650 0.650 -2.201 1.194 35.52 34.89 2433 2397 35.5
9.803 -3.619 3.619 -4.341 1.194 33.14 32.87 2480 2449 31.1
9.785 0.772 -0.772 -0.098 1.190 31.46 31.17 2532 2505 27.5
9.778 0.250 -0.250 0.069 1.171 29.57 29.55 2689 2670 18.9
9.739 0.076 -0.076 0.122 1.142 25.14 25.20 2796 2788 7.3
15.250 -3.276 3.276 -0.240 1.193 59.40 61.18 2176 2100 76.3
15.190 -3.243 3.243 0.364 1.192 56.44 58.49 2209 2142 67.0
15.090 -2.926 2.926 1.216 1.187 53.16 55.42 2277 2221 56.2
13.630 0.909 -0.909 -0.045 1.163 48.07 47.68 2436 2399 37.0
15.000 -3.095 3.095 1.625 1.163 47.89 50.27 2445 2405 39.5
14.080 -0.802 0.802 3.168 1.155 41.45 43.23 2486 2465 21.1
16.450 -1.988 1.988 -0.486 1.186 74.27 74.85 2079 1923 155.5
16.500 -2.247 2.247 0.836 1.182 69.12 70.76 2054 1913 140.9
17.290 -6.653 6.653 -1.040 1.178 64.38 67.51 2017 1889 127.8
17.110 -3.278 3.278 1.078 1.172 62.22 64.54 2006 1885 121.8
17.090 -3.573 3.573 1.490 1.146 56.96 59.56 1972 1870 102.5
15.340 0.202 -0.202 2.522 1.119 49.78 50.66 1866 1782 84.2
15.330 0.359 -0.359 3.085 1.115 45.54 46.56 1804 1732 71.9
6.297 3.247 -3.247 -3.106 1.104 25.18 23.44 2231 2204 27.3
6.229 1.311 -1.311 -3.910 1.116 22.90 21.59 2177 2157 19.7
7.591 -7.261 7.261 -11.220 1.144 18.58 17.79 2062 2040 22.3
7.537 2.712 -2.712 -1.760 1.161 24.31 23.05 2195 2165 30.6
7.560 4.068 -4.068 -2.842 1.176 28.96 26.78 2303 2264 38.7
8.187 2.221 -2.221 1.494 1.184 32.90 32.36 2392 2354 38.3
8.854 1.757 -1.757 0.607 1.192 37.21 36.44 2487 2450 37.4
16.770 -4.468 4.468 -0.161 1.174 64.85 67.23 1992 1868 123.7
16.760 -4.594 4.594 0.480 1.176 59.72 62.48 1987 1884 103.4
16.790 -4.187 4.187 0.731 1.173 55.25 57.81 1992 1908 84.5
16.620 -1.094 1.094 -8.330 1.161 49.90 46.55 2048 1988 60.3
14.500 -3.508 3.508 -1.107 1.191 62.09 63.63 2258 2181 77.1
15.100 -4.160 4.160 -0.383 1.194 55.20 57.33 2267 2205 61.8
15.840 -3.661 3.661 0.691 1.190 51.21 53.52 2362 2311 50.7
15.510 -0.821 0.821 3.244 1.157 45.47 47.39 2245 2202 42.8
15.490 -0.661 0.661 3.232 1.154 42.85 44.59 2245 2209 35.6
17.370 1.040 -1.040 4.798 1.120 44.09 45.60 1810 1740 69.1














































































Tcri  (C) Tcro  (C) Tori  (C) T_cond  (C) DT_sub  (C) DT_subF (F) Tcn2  (C) DPca DPcn Rc RHc
113.60 73.42 36.98 74.01 0.59 1.06 71.75 27.2 300.7 72486 0.4
136.20 71.62 51.67 72.21 0.59 1.07 71.12 25.9 302.2 72824 0.4
130.30 72.36 48.01 72.97 0.61 1.10 71.55 25.9 302.7 72790 0.4
118.00 61.92 35.69 62.33 0.41 0.74 58.36 51.0 747.5 121501 0.4
122.30 61.85 37.30 62.53 0.68 1.23 58.35 49.5 739.4 120830 0.4
103.40 62.38 34.50 63.08 0.70 1.27 58.09 49.6 740.1 120987 0.4
113.00 62.35 35.11 62.94 0.59 1.06 58.51 50.5 738.6 120643 0.4
130.40 61.69 40.58 62.41 0.72 1.29 58.82 48.8 722.7 119197 0.4
135.20 61.10 43.16 61.89 0.79 1.42 58.32 48.1 723.8 119508 0.4
141.90 60.04 45.57 60.74 0.70 1.27 57.53 49.2 735.4 120820 0.4
147.70 58.61 46.55 59.53 0.92 1.66 56.47 48.6 729.3 120789 0.4
66.28 50.46 18.44 50.76 0.31 0.55 47.85 63.4 292.1 79318 0.4
72.31 53.68 19.82 54.48 0.80 1.45 51.31 24.9 293.9 77979 0.4
78.70 53.39 19.73 54.32 0.93 1.68 51.32 24.5 294.2 78034 0.4
85.46 53.03 20.20 53.97 0.94 1.70 51.10 25.1 294.0 78063 0.4
108.20 50.79 34.22 51.97 1.18 2.12 49.96 24.8 293.5 78364 0.4
94.39 52.39 23.43 53.49 1.10 1.98 51.02 25.7 295.1 78576 0.4
104.20 51.33 31.92 52.45 1.12 2.02 50.42 25.9 295.1 78750 0.4
107.80 50.91 34.26 51.82 0.91 1.63 50.27 25.3 296.5 78943 0.4
87.36 63.42 62.00 66.16 2.74 4.93 60.82 38.6 431.2 91419 0.4
93.60 62.01 60.75 66.11 4.11 7.39 60.70 39.0 431.9 91541 0.4
100.30 59.51 58.57 65.61 6.10 10.98 60.13 38.9 431.7 91702 0.4
105.10 57.31 56.56 64.95 7.64 13.76 59.48 38.6 430.7 91811 0.4
111.20 54.52 54.03 63.79 9.26 16.68 58.36 38.2 429.9 92093 0.4
118.20 51.61 51.29 62.41 10.80 19.44 57.04 38.0 428.7 92409 0.4
73.57 53.05 25.29 53.63 0.58 1.05 50.66 24.7 295.9 78677 0.4
102.90 73.26 42.92 73.70 0.44 0.79 70.90 27.4 304.2 73346 0.4
124.60 72.03 52.43 72.66 0.63 1.13 70.79 27.4 304.0 73357 0.4
130.40 71.27 54.64 71.94 0.67 1.20 70.34 26.5 303.2 73337 0.4
138.80 69.71 55.52 70.40 0.69 1.25 69.31 26.2 302.3 73434 0.4
99.01 59.55 39.39 65.66 6.11 11.00 60.22 33.3 429.6 91462 0.4
109.70 56.24 41.43 66.62 10.38 18.68 60.56 33.5 430.1 91426 0.4
118.10 53.32 43.12 67.06 13.74 24.73 60.31 33.7 429.7 91489 0.4
129.50 49.00 42.57 66.05 17.05 30.69 58.48 33.6 429.0 92022 0.4
88.92 62.00 39.12 65.06 3.05 5.49 59.78 33.2 429.0 91506 0.4
103.60 59.34 37.04 64.85 5.51 9.92 58.51 51.0 743.4 121305 0.4
112.60 57.53 36.99 65.19 7.66 13.78 58.77 51.2 743.6 121218 0.4
120.00 55.86 37.52 65.42 9.56 17.21 58.87 50.6 743.8 121182 0.4
128.80 53.71 39.10 66.05 12.34 22.22 58.96 50.7 744.7 121222 0.4
137.80 51.40 40.93 66.42 15.02 27.03 58.79 50.6 744.2 121266 0.4
97.18 69.02 30.68 75.69 6.66 11.99 71.62 27.9 306.9 73064 0.4
106.80 66.33 30.97 76.67 10.33 18.60 71.63 28.0 306.9 73040 0.4
115.20 64.80 31.75 77.71 12.91 23.24 72.43 28.2 307.5 72987 0.4
129.20 62.76 36.60 80.69 17.93 32.27 72.94 28.2 307.8 72903 0.4
146.20 61.10 43.62 82.74 21.64 38.96 72.20 28.3 307.5 73018 0.4
94.50 56.93 29.44 69.68 12.74 22.94 61.62 33.2 428.1 90044 0.4
102.40 55.11 29.71 70.56 15.46 27.82 61.86 33.4 428.7 90028 0.4
112.30 52.88 31.13 72.20 19.33 34.79 62.31 33.6 429.7 89990 0.4
127.40 50.10 37.11 75.71 25.62 46.11 63.21 33.2 432.7 89925 0.4
128.30 49.14 37.65 75.83 26.70 48.05 62.48 33.9 429.6 89899 0.4
139.50 47.48 39.30 76.97 29.49 53.08 62.10 33.4 427.4 89693 0.4
98.87 65.47 30.47 65.79 0.33 0.59 60.50 50.3 730.1 118135 0.4
109.20 65.17 31.25 65.57 0.40 0.71 60.74 50.7 730.2 118103 0.4
117.90 64.08 33.10 65.02 0.95 1.70 60.13 49.9 729.3 118309 0.4
122.90 63.77 34.24 64.91 1.14 2.06 60.68 49.8 728.6 118045 0.4
133.60 61.79 40.46 64.56 2.77 4.99 60.54 49.9 729.0 118141 0.4
143.40 62.09 46.14 62.49 0.40 0.72 60.21 48.5 718.2 117831 0.4
146.80 60.84 46.84 61.27 0.43 0.77 59.23 48.5 717.9 118264 0.4
132.60 71.16 49.87 71.85 0.69 1.24 70.69 27.8 315.0 74273 0.4
133.90 70.08 47.50 70.89 0.81 1.46 69.77 27.6 314.2 74412 0.4
110.50 67.24 41.59 68.39 1.16 2.08 66.36 26.3 302.5 74082 0.4
113.60 70.49 37.25 71.04 0.55 0.98 69.49 27.5 303.5 73521 0.4
116.30 72.53 33.84 73.07 0.54 0.98 71.28 27.3 304.4 73156 0.4
120.40 74.32 32.45 74.85 0.53 0.96 73.15 26.5 305.1 72899 0.4
127.10 76.11 30.63 76.68 0.57 1.03 75.05 27.3 306.9 72716 0.4
102.00 63.05 33.87 64.53 1.48 2.66 59.10 50.0 729.7 119578 0.4
112.20 60.01 33.40 64.89 4.88 8.78 59.36 50.1 730.6 119531 0.4
122.60 56.61 34.17 65.45 8.84 15.91 59.59 50.3 730.2 119418 0.4
153.30 46.88 36.67 67.24 20.36 36.64 60.47 50.2 727.7 118824 0.4
91.99 56.82 29.81 71.38 14.56 26.21 62.40 31.7 441.1 92480 0.4
104.20 53.27 29.49 71.87 18.60 33.48 61.85 31.4 440.8 92584 0.4
115.40 51.67 30.80 74.01 22.34 40.21 62.73 31.9 440.6 92204 0.4
125.10 51.32 38.06 71.81 20.49 36.89 62.49 31.4 432.2 90817 0.4
128.50 49.97 38.81 71.97 21.99 39.59 61.95 31.3 431.5 90922 0.4
145.30 59.71 45.45 61.48 1.76 3.17 59.11 46.9 732.7 119748 0.4














































































Peri(kPa) Pero(kPa) DPer(kPa) Teri (C) Tero  (C) T_evap  (C) DT_sup  (C) DT_supF (F) x_in x_out x_out_o_m
517 497 20.56 17.90 17.11 15.49 1.62 2.91 0.164 0.817 0.827
481 462 19.04 15.64 27.83 13.22 14.61 26.30 0.297 1.036 1.098
503 483 20.02 16.98 18.50 14.63 3.87 6.97 0.258 0.968 0.993
550 494 55.58 19.79 17.38 15.33 2.05 3.69 0.139 0.812 0.798
550 495 55.43 19.63 17.28 15.37 1.92 3.45 0.151 0.812 0.821
569 509 59.76 20.67 18.16 16.29 1.87 3.36 0.121 0.692 0.693
559 502 57.20 20.22 17.78 15.84 1.95 3.50 0.130 0.740 0.754
541 487 54.59 19.01 16.87 14.85 2.03 3.65 0.181 0.898 0.899
535 479 55.76 18.55 19.00 14.38 4.62 8.31 0.205 0.938 0.947
500 445 55.05 16.56 26.52 12.13 14.40 25.92 0.238 0.935 1.006
451 398 52.98 13.15 30.74 8.76 21.98 39.56 0.266 0.876 1.048
348 330 18.12 5.18 4.54 3.35 1.19 2.14 0.099 0.629 0.620
358 340 17.58 6.35 5.65 4.20 1.45 2.61 0.105 0.685 0.681
353 336 16.96 5.85 5.20 3.83 1.38 2.48 0.107 0.702 0.692
345 329 16.34 5.16 4.55 3.20 1.35 2.44 0.114 0.735 0.735
294 279 14.58 0.63 12.45 -1.36 13.80 24.85 0.243 0.958 0.987
336 320 15.79 4.30 3.79 2.48 1.31 2.37 0.142 0.800 0.806
314 299 15.05 2.56 4.71 0.52 4.19 7.54 0.216 0.921 0.923
299 284 14.69 1.43 12.27 -0.83 13.11 23.59 0.241 0.944 0.974
562 475 87.68 20.33 18.37 14.08 4.29 7.73 0.357 0.934 0.941
545 462 83.01 19.33 22.30 13.26 9.04 16.28 0.352 0.953 0.978
509 433 76.25 17.03 26.37 11.27 15.09 27.17 0.346 0.938 1.011
474 404 70.00 14.82 29.02 9.23 19.80 35.64 0.341 0.911 1.043
426 364 61.74 11.43 31.66 6.14 25.52 45.94 0.339 0.864 1.065
373 320 52.81 7.38 34.11 2.49 31.62 56.91 0.339 0.856 1.094
349 330 19.02 5.77 4.78 3.31 1.46 2.64 0.149 0.727 0.732
525 500 25.19 18.38 17.30 15.68 1.62 2.91 0.208 0.808 0.813
507 484 23.14 17.22 18.31 14.68 3.63 6.54 0.293 0.990 1.010
484 463 21.36 15.69 27.39 13.31 14.08 25.34 0.320 1.021 1.052
434 416 17.87 12.28 34.99 10.06 24.92 44.86 0.346 1.045 1.111
567 512 55.41 20.80 18.34 16.43 1.91 3.43 0.162 0.835 0.844
555 501 53.13 20.05 17.91 15.79 2.13 3.83 0.184 0.914 0.925
530 477 52.90 18.59 25.52 14.24 11.29 20.32 0.208 0.942 1.001
437 390 46.04 12.61 32.96 8.19 24.78 44.60 0.242 0.864 1.076
580 522 58.61 21.55 18.93 17.05 1.89 3.40 0.155 0.765 0.774
558 484 74.27 20.28 16.79 14.67 2.12 3.81 0.147 0.750 0.437
547 477 70.06 19.67 16.34 14.25 2.09 3.75 0.151 0.805 0.664
538 470 67.34 19.08 15.88 13.79 2.09 3.76 0.159 0.852 0.862
528 463 65.40 18.49 15.56 13.31 2.25 4.06 0.176 0.910 0.929
511 445 66.14 17.45 21.99 12.11 9.88 17.78 0.198 0.961 0.997
514 489 24.55 17.52 16.53 15.03 1.50 2.71 0.116 0.703 0.702
504 480 23.35 16.64 15.72 14.45 1.27 2.29 0.123 0.776 0.778
495 472 22.97 16.37 15.44 13.92 1.52 2.74 0.133 0.838 0.831
486 464 22.50 15.89 15.03 13.38 1.65 2.97 0.176 0.930 0.932
479 459 20.18 15.46 25.51 13.04 12.47 22.44 0.235 1.022 1.065
548 488 59.46 19.33 16.60 14.96 1.64 2.94 0.091 0.745 0.730
539 482 57.29 18.81 16.12 14.54 1.58 2.84 0.097 0.795 0.765
529 474 55.45 18.23 15.63 14.02 1.61 2.90 0.113 0.862 0.847
510 454 55.40 17.13 20.49 12.74 7.75 13.95 0.170 1.023 1.049
509 453 56.29 17.03 23.28 12.64 10.64 19.15 0.174 0.981 0.578
452 400 52.07 13.65 30.63 8.90 21.73 39.11 0.212 0.973 1.057
548 464 83.87 19.78 15.65 13.40 2.25 4.05 0.099 0.640 0.652
535 455 80.63 19.04 14.97 12.76 2.20 3.97 0.111 0.702 0.721
519 441 77.83 17.22 13.28 11.85 1.43 2.58 0.132 0.769 0.768
513 436 76.82 16.73 12.82 11.50 1.32 2.37 0.144 0.816 0.846
499 422 77.38 15.99 12.86 10.49 2.38 4.28 0.199 0.945 0.967
454 376 78.43 13.68 26.64 7.07 19.57 35.23 0.264 1.019 1.080
418 343 74.90 11.16 30.48 4.42 26.07 46.92 0.285 0.975 1.107
470 449 20.81 14.54 25.05 12.38 12.68 22.82 0.286 1.138 1.158
428 409 19.02 11.59 19.63 9.54 10.09 18.16 0.284 1.105 1.117
544 532 11.74 18.70 18.65 17.68 0.97 1.74 0.188 1.015 1.025
505 489 16.12 16.96 16.45 14.99 1.45 2.61 0.170 0.942 0.952
472 451 20.69 14.82 13.98 12.51 1.47 2.65 0.159 0.908 0.915
446 421 25.61 13.01 11.83 10.42 1.41 2.54 0.159 0.806 0.809
422 390 32.27 11.28 9.62 8.14 1.48 2.66 0.157 0.756 0.758
565 499 66.62 20.13 17.25 15.61 1.65 2.96 0.118 0.672 0.670
550 488 62.36 19.24 16.51 14.92 1.59 2.86 0.121 0.741 0.757
538 479 59.14 18.51 15.90 14.33 1.57 2.83 0.132 0.825 0.828
523 465 57.81 16.58 23.54 13.46 10.08 18.15 0.159 1.017 1.072
556 524 32.07 18.08 16.72 17.18 -0.46 -0.82 0.091 0.729 0.728
524 495 29.25 16.01 14.80 15.37 -0.57 -1.03 0.102 0.823 0.818
506 478 27.90 14.98 13.85 14.31 -0.46 -0.84 0.120 0.910 0.889
480 452 27.78 14.01 18.43 12.60 5.83 10.49 0.188 1.086 1.028
458 430 27.25 12.52 23.11 11.08 12.02 21.64 0.203 1.150 1.027
402 365 36.71 7.28 25.54 6.23 19.31 34.75 0.278 1.046 1.065














































































DG_gps (g/s) DG_gps_o_m (g/s) Dslope_new_method (g/s) Dslope (g/s) Ts  (C) Tw  (C) Tdpei  (C) Tdpeo  (C) Tdpeo_old  (C) Rhea_out
0.149 0.171 0.000 0.000 99.8 28.0 19.1 17.8 17.6 0.693
0.093 0.198 0.000 0.000 99.8 26.7 19.0 18.2 17.4 0.642
0.146 0.193 0.000 0.000 99.6 27.2 19.1 17.9 17.5 0.691
1.677 1.624 0.004 0.004 99.7 26.2 30.7 21.8 22.2 0.801
1.656 1.693 0.004 0.004 99.7 26.0 30.8 22.1 21.8 0.814
1.587 1.591 0.003 0.004 99.6 26.6 30.8 22.6 22.6 0.812
1.572 1.632 0.003 0.004 99.8 26.4 30.6 22.3 21.9 0.804
1.678 1.679 0.004 0.004 99.5 25.9 30.8 21.9 21.9 0.815
1.641 1.673 0.004 0.004 99.4 25.6 30.8 22.2 22.0 0.833
1.322 1.564 0.003 0.003 99.2 25.4 30.6 23.9 22.4 0.896
0.886 1.421 0.002 0.003 99.2 25.4 30.7 26.5 23.5 1.004
0.469 0.453 0.001 0.001 98.8 13.3 15.5 7.4 7.7 0.839
0.438 0.431 0.001 0.001 99.7 13.9 15.4 7.8 7.9 0.804
0.445 0.429 0.001 0.001 99.6 13.7 15.5 7.8 8.2 0.819
0.442 0.444 0.001 0.001 99.4 12.9 15.5 7.8 7.8 0.826
0.345 0.379 0.001 0.001 99.2 12.3 15.4 9.8 9.1 0.870
0.424 0.432 0.001 0.001 99.1 12.8 15.3 8.1 7.9 0.838
0.381 0.383 0.001 0.001 99.2 13.2 15.4 9.1 9.0 0.835
0.352 0.390 0.001 0.001 99.5 13.0 15.3 9.6 8.8 0.838
1.522 1.556 0.003 0.003 99.5 26.3 30.6 22.7 22.5 0.814
1.481 1.585 0.003 0.003 99.3 25.9 30.6 23.0 22.3 0.840
1.263 1.540 0.003 0.003 99.1 25.5 30.6 24.3 22.6 0.913
1.014 1.475 0.002 0.003 99.1 25.7 30.6 25.7 23.1 0.982
0.698 1.328 0.002 0.003 99.0 24.7 30.6 27.4 24.1 1.035
0.530 1.185 0.001 0.003 99.0 23.1 30.7 28.3 25.0 1.014
0.430 0.440 0.001 0.001 99.2 13.7 15.4 8.0 7.8 0.804
0.115 0.127 0.000 0.000 99.3 28.1 19.0 18.0 17.9 0.720
0.128 0.166 0.000 0.000 99.0 27.4 19.0 17.9 17.6 0.711
0.133 0.188 0.000 0.000 99.0 26.4 19.1 18.0 17.6 0.664
0.082 0.181 0.000 0.000 98.9 26.0 19.0 18.3 17.5 0.576
1.526 1.561 0.003 0.003 99.4 27.0 30.6 22.7 22.4 0.812
1.578 1.617 0.003 0.004 99.4 26.7 30.6 22.4 22.2 0.813
1.404 1.598 0.003 0.004 99.4 26.2 30.6 23.5 22.3 0.857
0.773 1.362 0.002 0.003 99.4 25.5 30.6 27.0 23.8 0.987
1.446 1.482 0.003 0.003 99.4 27.3 30.6 23.1 22.9 0.812
1.682 0.266 0.004 0.001 99.3 25.6 30.6 21.6 29.4 0.841
1.728 1.124 0.004 0.002 99.0 24.6 30.6 21.4 25.1 0.837
1.756 1.799 0.004 0.004 99.3 25.3 30.6 21.2 20.9 0.839
1.767 1.838 0.004 0.004 99.0 25.0 30.6 21.1 20.6 0.843
1.684 1.816 0.004 0.004 99.4 24.6 30.6 21.6 20.7 0.862
0.168 0.167 0.000 0.000 99.5 25.6 19.0 17.6 17.6 0.725
0.216 0.220 0.000 0.000 99.2 24.8 19.0 17.2 17.2 0.741
0.244 0.230 0.001 0.001 99.5 24.9 18.9 16.8 16.9 0.709
0.277 0.283 0.001 0.001 99.6 24.6 19.2 16.8 16.8 0.713
0.156 0.235 0.000 0.001 99.6 25.0 19.1 17.7 17.1 0.687
1.668 1.604 0.004 0.004 100.0 25.9 30.6 21.6 22.0 0.805
1.733 1.608 0.004 0.004 100.0 25.6 30.7 21.3 22.2 0.804
1.770 1.711 0.004 0.004 100.0 25.3 30.6 21.0 21.4 0.804
1.663 1.752 0.004 0.004 99.9 25.1 30.6 21.8 21.2 0.867
1.663 0.229 0.004 0.001 100.0 24.4 30.6 21.7 29.6 0.869
1.251 1.513 0.003 0.003 100.2 26.5 30.6 24.3 22.7 0.932
1.679 1.744 0.004 0.004 100.2 26.0 30.5 21.3 20.9 0.795
1.769 1.864 0.004 0.004 100.1 25.6 30.6 20.9 20.2 0.798
1.855 1.848 0.004 0.004 98.9 24.3 30.6 20.2 20.3 0.847
1.879 2.016 0.004 0.004 99.3 24.2 30.6 20.0 18.9 0.831
1.945 2.040 0.004 0.004 99.5 23.8 30.6 20.1 19.4 0.848
1.504 1.727 0.003 0.004 99.7 24.4 30.6 22.8 21.3 0.906
1.157 1.604 0.003 0.004 99.7 25.2 30.8 25.2 22.5 0.999
-0.006 0.029 0.000 0.000 28.2 27.1 15.1 15.1 14.8 0.620
-0.014 0.006 0.000 0.000 21.9 22.7 11.5 11.7 11.4 0.597
-0.014 -0.001 0.000 0.000 23.8 22.9 13.9 14.0 13.9 0.495
-0.017 -0.001 0.000 0.000 24.4 25.2 12.4 12.6 12.4 0.537
-0.017 -0.002 0.000 0.000 23.1 24.2 10.5 10.7 10.5 0.546
-0.008 -0.001 0.000 0.000 23.3 23.9 12.2 12.3 12.2 0.664
-0.006 -0.001 0.000 0.000 23.9 24.8 10.4 10.5 10.4 0.652
1.597 1.585 0.004 0.003 99.4 26.6 30.6 22.2 22.3 0.816
1.674 1.742 0.004 0.004 99.4 26.2 30.6 21.8 21.3 0.821
1.749 1.763 0.004 0.004 99.3 25.7 30.7 21.5 21.4 0.826
1.729 1.909 0.004 0.004 99.4 25.1 30.6 21.5 20.2 0.827
1.775 1.770 0.004 0.004 98.9 21.4 30.6 21.1 21.2 0.895
1.861 1.844 0.004 0.004 98.7 20.0 30.6 20.6 20.7 0.912
1.926 1.848 0.004 0.004 98.8 19.5 30.6 20.4 20.9 0.897
1.924 1.727 0.004 0.004 99.9 19.5 30.6 20.0 21.4 0.779
1.938 1.543 0.004 0.003 100.0 18.9 30.7 20.2 22.9 0.759
1.417 1.479 0.003 0.003 99.8 15.4 30.7 23.4 23.0 0.951














































































Rhea_out_o_m Teao  (C) Ten1  (C) Ten2  (C) DPea (Pa) DPen (Pa) Re We (W) We1 (W) We2 (W) Prcpi(kPa) P_ratio eta_idia eta_isen
0.686 23.6 23.0 24.5 15 224 77136 3249 3130 119 445 5.291 0.772 0.795
0.608 24.6 26.4 24.7 16 228 76661 3068 3024 45 428 5.244 0.777 0.709
0.674 23.6 23.5 24.4 16 224 76964 3127 3083 44 441 5.196 0.793 0.739
0.819 25.2 24.8 26.2 16 224 76318 2820 2700 120 249 7.548 0.912 0.694
0.802 25.1 25.0 26.0 15 224 76203 2707 2588 120 252 7.497 0.928 0.690
0.811 25.7 25.4 26.7 15 224 76100 2636 2516 120 263 7.366 0.919 0.674
0.785 25.6 25.4 26.6 16 224 76049 2715 2596 119 257 7.460 0.921 0.682
0.815 25.0 24.9 25.7 16 222 75934 2768 2647 121 242 7.732 0.909 0.709
0.823 24.9 25.0 25.4 16 222 75939 2774 2653 120 237 7.794 0.912 0.708
0.818 24.9 26.7 24.9 16 223 75434 2741 2621 120 223 8.000 0.912 0.694
0.840 25.5 29.1 23.8 16 228 75284 2689 2569 120 205 8.416 0.920 0.677
0.858 11.6 9.5 10.5 126 105 56872 1296 1314 -18 288 4.784 0.831 0.908
0.812 11.0 10.2 11.8 16 105 56270 1455 1473 -18 301 5.005 0.789 0.857
0.838 11.0 10.3 11.3 16 105 56229 1460 1478 -18 297 5.045 0.802 0.873
0.823 10.8 10.3 11.1 16 105 56309 1466 1483 -18 292 5.073 0.806 0.883
0.831 11.8 12.1 11.7 16 107 56123 1385 1402 -18 258 5.425 0.786 0.840
0.827 10.7 10.3 11.2 16 108 57110 1485 1485 58 285 5.134 0.784 0.919
0.832 11.7 11.5 12.0 16 109 57071 1448 1448 -17 271 5.224 0.783 0.879
0.797 12.0 13.1 11.3 16 110 56996 1404 1404 58 262 5.325 0.803 0.850
0.804 25.9 26.0 26.3 17 222 75653 2577 2577 45 400 5.098 0.896 0.756
0.807 25.6 26.1 25.7 16 223 75688 2609 2609 45 389 5.204 0.915 0.749
0.824 25.1 27.2 24.5 16 224 75529 2588 2588 45 367 5.415 0.921 0.746
0.837 25.2 28.5 23.6 16 226 75249 2590 2590 45 345 5.646 0.919 0.744
0.848 25.9 30.5 23.2 17 229 75058 2537 2537 45 314 5.990 0.925 0.734
0.835 26.4 32.6 23.5 17 235 75164 2395 2395 45 280 6.479 0.920 0.724
0.792 11.3 10.9 11.6 17 106 56539 1414 1414 58 296 4.978 0.807 0.852
0.716 22.9 22.7 24.0 -2 225 77637 3184 3184 119 453 5.160 0.780 0.769
0.698 23.1 23.4 23.6 -6 227 77813 3150 3150 118 447 5.082 0.792 0.724
0.646 23.5 25.7 23.6 -7 228 77115 2945 2945 119 435 5.140 0.805 0.695
0.548 25.5 30.4 24.5 -7 235 76625 2590 2590 119 400 5.374 0.797 0.637
0.802 25.7 25.8 26.4 -7 223 75893 2685 2640 45 369 5.391 0.916 0.744
0.801 25.4 25.6 26.1 -7 223 75941 2679 2634 45 359 5.628 0.922 0.745
0.796 25.4 26.7 25.5 -7 224 75691 2678 2633 45 344 5.887 0.931 0.729
0.816 26.3 30.2 24.4 -7 231 75537 2546 2501 45 298 6.592 0.931 0.684
0.802 26.2 26.3 26.9 -7 224 75753 2646 2601 45 375 5.269 0.905 0.749
1.338 24.4 24.0 24.9 -7 221 76269 2794 2748 45 260 7.630 0.950 0.643
1.052 24.2 23.7 25.0 -7 222 76456 2873 2828 45 255 7.781 0.956 0.645
0.823 24.2 23.5 24.7 -7 223 76726 2908 2863 45 250 7.932 0.959 0.645
0.817 24.0 23.6 24.3 -7 223 76703 2918 2872 45 244 8.203 0.958 0.644
0.814 24.1 24.2 24.0 -7 223 76535 2909 2864 45 235 8.543 0.954 0.638
0.727 22.3 21.8 23.7 -7 221 76877 3439 3394 45 465 5.231 0.825 0.762
0.740 21.4 21.0 23.0 -7 220 77056 3516 3470 45 457 5.430 0.834 0.748
0.716 21.7 21.3 23.3 -7 219 76756 3542 3497 45 450 5.627 0.831 0.745
0.711 21.4 21.5 23.0 -7 219 76699 3525 3480 45 444 6.061 0.840 0.711
0.659 22.5 24.0 23.7 -7 224 76548 3394 3349 45 446 6.263 0.839 0.598
0.827 24.5 24.6 25.8 -7 222 75514 3040 2995 45 394 5.526 0.900 0.752
0.848 24.1 24.2 25.6 -7 223 75724 3040 2996 45 390 5.671 0.911 0.746
0.825 23.8 24.1 25.1 -7 223 75890 3092 3047 45 382 5.970 0.917 0.742
0.835 24.0 23.8 24.5 -7 226 76401 3257 3201 56 367 6.631 0.880 0.700
1.389 23.5 24.3 23.8 -7 222 75539 3225 3181 45 369 6.634 0.935 0.697
0.846 24.6 27.8 23.2 -7 227 74963 3006 2950 56 331 7.505 0.928 0.659
0.772 24.7 24.4 25.8 -7 219 75036 3064 3008 57 296 7.014 0.909 0.665
0.764 26.5 24.0 25.2 -7 219 75252 3103 3046 57 290 7.078 0.929 0.675
0.850 23.1 22.3 23.6 -7 218 75658 3126 3070 57 282 7.162 0.948 0.686
0.777 22.5 22.5 23.6 -7 219 75691 3153 3097 56 278 7.209 0.935 0.693
0.811 22.2 22.7 22.9 -7 234 78222 3188 3132 56 268 7.366 0.939 0.696
0.827 23.1 25.9 22.9 -7 221 75071 3292 3247 45 243 7.667 0.910 0.690
0.850 23.8 28.1 22.2 -7 225 74942 3124 3079 45 227 7.943 0.913 0.679
0.609 22.0 23.6 22.0 -7 274 85067 3834 3789 45 436 5.120 0.763 0.708
0.587 18.8 20.2 19.2 -7 181 70360 3480 3435 45 397 5.479 0.766 0.703
0.491 25.3 25.1 25.5 -7 231 77972 2822 2777 45 532 3.879 0.727 0.749
0.531 22.4 22.0 22.8 -7 230 78894 3423 3378 45 480 4.575 0.760 0.788
0.540 20.1 19.6 20.6 -7 229 79657 3875 3830 45 432 5.334 0.766 0.770
0.662 18.5 18.2 19.1 -7 226 79685 4038 3993 45 391 6.112 0.835 0.738
0.650 16.9 16.6 17.5 -7 223 79837 4220 4175 45 348 7.156 0.844 0.684
0.820 24.9 25.0 26.2 -7 224 76083 2686 2641 45 263 7.572 0.920 0.676
0.798 24.3 24.7 25.5 -7 226 76648 2794 2748 45 254 7.833 0.929 0.681
0.821 23.9 24.3 25.0 -7 229 77263 2854 2809 45 244 8.151 0.925 0.685
0.765 23.9 25.1 24.1 -7 227 76619 2920 2874 46 229 8.951 1.012 0.559
0.897 23.4 22.9 23.0 -7 224 77660 2858 2738 120 399 5.654 0.877 0.777
0.919 22.9 21.9 22.3 -7 225 78115 2821 2701 120 378 5.993 0.902 0.756
0.928 23.1 21.5 22.8 -7 235 79830 2860 2741 119 367 6.432 0.912 0.733
0.849 22.9 21.6 26.6 -7 226 77802 2985 2865 121 348 6.457 0.911 0.727
0.894 23.4 21.2 28.3 -7 229 78495 2932 2812 120 332 6.767 0.909 0.717
0.929 22.7 20.6 27.8 -7 219 76821 3033 2913 119 218 8.296 0.909 0.692














































































eta_m eta_v Trcpi  (C) Trcpo  (C) Fc (in-lbf) Tcc  (C) ENN Verdate Xoil (CycTime) Time of one cycle (s) (ON %) ratio of on time to CycTime
0.614 0.843 41.6 114.4 126 32.76 2 52299 0.01
0.551 0.751 60.2 137.7 121 31.46 2 52299 0.01
0.586 0.798 56.5 131.6 123 31.79 2 52299 0.01
0.633 0.913 27.2 119.0 92 34.45 2 52299 0.01
0.640 0.914 31.4 123.6 92 38.42 2 52299 0.01
0.619 0.904 12.5 104.6 96 37.07 2 52299 0.01
0.628 0.907 21.9 114.1 94 35.08 2 52299 0.01
0.645 0.919 39.7 131.7 90 29.67 2 52299 0.01
0.646 0.922 43.9 136.6 89 27.41 2 52299 0.01
0.633 0.909 47.9 143.1 85 29.88 2 52299 0.01
0.623 0.908 50.0 149.3 82 29.43 2 52299 0.01
0.755 0.945 8.1 68.1 70 23.56 2 52299 0.01
0.677 0.879 9.3 73.6 78 24.98 2 52299 0.01
0.701 0.907 16.7 80.3 78 25.18 2 52299 0.01
0.712 0.913 24.4 87.3 76 23.24 2 52299 0.01
0.660 0.836 44.1 111.0 70 23.44 2 52299 0.01
0.720 0.915 34.9 96.4 75 23.01 2 52299 0.01
0.688 0.867 42.7 106.3 72 24.37 2 52299 0.01
0.682 0.859 44.1 109.8 70 27.15 2 52299 0.01
0.677 0.930 15.9 88.5 110 29.33 2 52299 0.01
0.685 0.930 21.2 94.7 107 30.09 2 52299 0.01
0.687 0.927 26.4 101.3 104 64.91 2 52299 0.01
0.684 0.920 29.7 106.2 100 83.02 2 52299 0.01
0.679 0.917 33.3 112.5 95 83.72 2 52299 0.01
0.665 0.908 36.8 119.9 90 22.73 2 52299 0.01
0.688 0.884 11.0 75.0 76 23.75 2 52299 0.01
0.599 0.820 30.1 103.6 125 27.26 2 52299 0.01
0.573 0.781 51.0 126.0 123 27.73 2 52299 0.01
0.560 0.761 54.9 132.3 120 25.53 2 52299 0.01
0.508 0.701 57.1 141.3 116 24.93 2 52299 0.01
0.681 0.919 24.8 99.7 104 24.05 2 52299 0.01
0.687 0.925 33.8 110.4 104 24.65 2 52299 0.01
0.678 0.913 39.3 118.9 103 25.08 2 52299 0.01
0.637 0.890 42.8 130.8 99 25.3 2 52299 0.01
0.678 0.921 15.9 89.8 104 23.66 2 52299 0.01
0.611 0.899 8.4 104.6 98 25.36 2 52299 0.01
0.617 0.902 16.3 113.7 97 25.29 2 52299 0.01
0.618 0.903 22.7 121.4 96 25.25 2 52299 0.01
0.617 0.901 29.4 130.3 96 25.16 2 52299 0.01
0.609 0.894 35.2 139.1 95 25.1 2 52299 0.01
0.629 0.871 23.2 98.5 130 26.11 2 52299 0.01
0.624 0.873 31.4 108.6 132 25.53 2 52299 0.01
0.619 0.867 38.0 116.9 134 26.82 2 52299 0.01
0.597 0.867 46.6 131.3 144 27.35 2 52299 0.01
0.502 0.752 52.4 149.0 152 27.92 2 52299 0.01
0.677 0.950 19.3 95.9 116 29.14 2 52299 0.01
0.680 0.948 25.8 103.6 117 29.59 2 52299 0.01
0.680 0.953 33.2 113.5 119 28.73 2 52299 0.01
0.616 0.878 40.7 128.9 124 22.84 2 52299 0.01
0.651 0.926 41.2 129.8 124 25.19 2 52299 0.01
0.612 0.901 43.5 141.1 124 24.57 2 52299 0.01
0.605 0.905 9.0 100.2 108 31.83 2 52299 0.01
0.627 0.921 19.4 110.4 105 31.37 2 52299 0.01
0.650 0.945 29.3 120.1 102 21.1 2 52299 0.01
0.648 0.936 34.6 125.3 101 20.48 2 52299 0.01
0.654 0.933 44.2 136.0 97 20.74 2 52299 0.01
0.628 0.898 50.7 145.0 91 21.72 2 52299 0.01
0.620 0.890 51.7 148.6 87 22.73 2 52299 0.01
0.540 0.735 58.6 135.0 121 22.93 2 52299 0.01
0.538 0.743 57.1 136.7 117 20.87 2 52299 0.01
0.544 0.691 51.7 113.2 113 20.63 2 52299 0.01
0.599 0.781 48.5 115.2 118 24.94 2 52299 0.01
0.590 0.799 43.8 118.0 121 24.08 2 52299 0.01
0.617 0.859 40.1 122.1 123 24.11 2 52299 0.01
0.577 0.863 35.9 128.7 128 24.6 2 52299 0.01
0.622 0.934 10.7 103.8 101 26.77 2 52299 0.01
0.632 0.940 19.6 114.2 98 27.16 2 52299 0.01
0.634 0.938 28.4 124.7 97 27.27 2 52299 0.01
0.566 0.844 38.1 155.5 96 27.82 2 52299 0.01
0.681 0.959 16.6 93.4 119 24.1 2 52299 0.01
0.682 0.962 26.2 105.8 118 22.78 2 52299 0.01
0.669 0.955 32.8 117.0 122 22.54 2 52299 0.01
0.662 0.931 41.5 126.0 114 26.92 2 52299 0.01
0.652 0.924 42.4 129.6 113 26.95 2 52299 0.01
0.629 0.904 49.6 146.9 85 21.99 2 52299 0.01














































































h_compout (kJ/kg) hci (kJ/kg) hco (kJ/kg) hei (kJ/kg) heo (kJ/kg) h_exit (kJ/kg) h_exit_o_m (kJ/kg) h_compin (kJ/kg) Vc (rpm) Tcai  (C)
331.9 331 158.4 101.8 256.6 221.6 223.4 281.4 1295 60.0
361.1 359.3 155.3 123.6 268 260.5 272.1 299.5 1295 60.2
353.4 351.9 156.6 118.1 258.4 248.6 253.3 295.8 1295 60.3
343 341.9 139.1 99.51 257 221 218.6 272.1 4107 43.1
348.2 346.7 139 101.8 256.9 221.1 222.8 275.9 4109 43.2
325.6 324.2 139.8 97.82 257.3 200.3 200.5 258.7 4109 43.2
337 335.7 139.8 98.7 257.2 208.5 211 267.2 4108 43.3
357.7 356.2 138.7 106.6 256.7 236.3 236.4 283.5 4110 43.3
363.5 362 137.7 110.4 259 243.2 244.8 287.4 4110 43.5
371.5 370.1 136 113.9 267.1 241.3 254.4 291.3 4114 43.4
379 377.1 133.7 115.4 272.1 228.4 260.4 293.5 4112 43.4
291.5 289.4 120.9 74.78 249.6 176.9 175.2 254 1330 43.4
295.7 294.1 126 76.8 250.3 188.3 187.5 254.8 1295 43.4
303.6 301.7 125.5 76.67 250 191.3 189.4 261.6 1295 43.4
312 309.8 124.9 77.31 249.6 197.1 197.3 268.7 1295 43.6
339.4 336.3 121.5 97.05 258.2 237.7 243.2 287.2 1295 43.5
322.5 320.2 124 81.8 249.2 209.3 210.4 278.4 1295 43.4
334.1 331.7 122.3 93.77 250.7 231.4 231.8 285.8 1295 43.3
338.1 336 121.7 97.11 257.9 235.2 241 287.2 1295 42.9
304.3 302.8 141.6 139.3 258.5 242.4 243.8 258.2 2460 43.2
312.3 311 139.4 137.4 262.6 245.4 250 263.4 2458 43.3
321 319.7 135.4 133.9 267.2 241.5 254.8 268.8 2458 43.4
327.4 326 131.9 130.8 270.4 235.3 259.6 272.4 2458 43.4
335.6 334.1 127.6 126.8 273.7 224.7 262.1 276.3 2458 43.5
344.9 342.9 123.1 122.6 276.9 220.7 265.9 280.2 2457 43.5
297.8 296.2 125 84.41 249.8 195.8 196.8 256.4 1294 43.0
318.7 317.7 158.1 110.5 256.7 220 221.1 270.3 1295 59.7
346.9 345.3 156 124.8 258.2 252.8 256.5 290.4 1295 59.7
354.8 352.6 154.7 128.1 267.5 257.7 263.5 294.3 1295 59.8
366.2 363.2 152 129.4 275.8 260.7 273 297 1294 59.8
319 318.2 135.5 105 257.4 225.9 227.6 267.3 2461 43.0
331.4 330.6 130.3 108 257.3 239.6 241.6 275.8 2461 43.0
341.4 340.4 125.9 110.5 265.4 243.9 254.6 281.2 2454 43.0
355.8 354.3 119.3 109.7 274.4 225.7 265.4 285.3 2455 43.0
307 305.9 139.3 104.6 257.7 213.8 215.4 258.8 2462 43.1
324.9 323.7 135.1 101.6 256.7 209.8 153.6 255.1 4111 43.0
335.7 334.4 132.3 101.5 256.4 219.2 193.9 262.3 4109 43.0
344.7 343.1 129.7 102.3 256.2 227.4 229.2 268.1 4111 43.0
354.8 353 126.4 104.6 256.1 237.6 241 274.2 4108 43.0
364.9 363.4 122.9 107.3 262.8 246.1 252.7 279.6 4107 42.9
310.4 308.7 151.1 92.84 256.3 200.3 200.2 263.5 1295 59.8
322.9 320.6 146.8 93.3 255.8 213.4 213.7 271.5 1295 60.1
332.7 330.6 144.4 94.46 255.7 224.3 223.1 277.9 1295 59.6
348.8 346.2 141.3 101.6 255.5 240.9 241.4 286.3 1295 59.7
369.4 365.9 138.7 112 265.8 257.8 265.8 291.8 1295 59.7
311.3 309.6 131.5 90.82 256.4 208.7 206 261.5 2462 42.9
320.6 319 128.8 91.24 256.1 217.5 212 267.7 2462 42.8
331.9 330.4 125.4 93.33 255.9 229.2 226.4 274.8 2458 42.7
348.7 346.8 121.4 102.1 261.1 257.8 262.6 282.1 2466 43.2
349.6 347.8 119.9 102.9 263.8 250 176.6 282.5 2462 42.8
362.8 360.9 117.5 105.4 272 246.6 262.1 285.4 2462 43.1
318.2 316.6 144.9 92.14 256.1 189.3 191.5 254.6 4110 43.2
331 329.5 144.4 93.25 255.7 199.8 203.3 264.2 4106 43.2
342.9 340.2 142.6 95.88 254.5 211.2 211 273.3 4111 43.8
349 346.2 142.1 97.52 254.2 219.6 225.1 278.2 4110 43.4
361.7 359 138.9 106.5 254.7 242.3 246.4 287.2 4112 43.4
372.9 371.1 139.3 114.9 268.8 254 265.3 293.5 4111 43.5
377.5 375.5 137.3 115.9 273.1 244.3 269 294.7 4109 43.4
358 355.2 154.5 120.8 265.6 279 282.7 297.8 1295 59.9
360.5 357.3 152.7 117.2 261.4 271.7 273.9 297.1 1295 60.0
334.2 330.9 147.9 108.3 257.2 258.9 260.8 289.6 819.2 60.2
335 333.1 153.3 102.1 256.2 244.2 245.9 287.4 1036 59.9
337 335 156.9 97.26 254.9 236.3 237.7 283.8 1295 59.9
340.9 338.8 160 95.33 253.7 216.2 216.7 281.1 1594 59.9
347.9 346 163.2 92.81 252.5 205.2 205.6 278 1996 59.9
323.9 321.7 140.9 96.96 256.7 196.3 195.9 257 4107 43.4
336.3 334 136.1 96.3 256.3 208.1 210.9 265.2 4108 43.5
348.5 346 130.9 97.43 256 222.8 223.4 273.3 4109 43.5
383.4 380.8 116.1 101.1 263.7 257.1 267 282.3 4092 43.4
306.8 304.9 131.5 91.41 71.76 206.9 206.7 258.9 2461 43.5
322.5 320.4 126 90.99 69.12 222.6 221.8 268.3 2462 43.1
335.1 333 123.7 92.94 67.8 237.9 234.1 274.7 2462 43.6
347.2 346.2 123 103.3 259.2 269.5 258.7 283.2 2460 43.4
351.5 350.2 121 104.4 264.2 280.7 257.7 284.4 2461 43.4
375.5 373.8 135.5 113.8 268 258.7 262.3 293 4102 43.5














































































AFR_scfm_Cond(scfm) Teai (C) AFR_scfm_Evap(scfm) AFR_scfm_Evap_o_m (scfm) Rhea_in DP_suction line(kPa)
795.7 43.5 250.0 249.9 0.249 52.1
798.3 43.5 251.4 251.3 0.248 33.7
798.4 43.6 249.6 249.5 0.248 41.8
1258.0 43.5 250.0 250.0 0.498 244.8
1252.0 43.5 249.9 249.8 0.499 242.8
1253.0 43.5 250.0 250.0 0.501 246.7
1251.0 43.5 249.9 249.8 0.495 245.4
1237.0 43.6 249.1 249.1 0.498 244.4
1239.0 43.6 249.2 249.2 0.496 242.7
1250.0 43.6 249.8 249.6 0.491 222.3
1247.0 43.7 252.7 252.2 0.493 193.3
797.2 26.9 174.3 174.4 0.498 42.5
800.3 26.9 175.0 175.0 0.494 39.7
800.7 26.9 175.0 175.0 0.498 39.1
800.7 27.0 175.2 175.2 0.494 36.6
801.5 27.0 176.0 176.0 0.492 21.1
798.9 26.9 176.3 176.3 0.491 35.4
799.8 26.9 177.0 177.0 0.492 27.5
802.3 26.7 178.4 178.3 0.495 22.3
952.7 43.5 248.5 248.5 0.494 75
953.6 43.6 248.9 248.8 0.492 73.1
954.1 43.6 250.0 249.7 0.492 66.1
954.0 43.7 251.0 250.5 0.490 59.5
954.7 43.7 252.9 252.3 0.490 49.8
955.4 43.7 255.5 254.9 0.491 40.7
801.7 26.5 175.5 175.4 0.505 34.4
798.4 43.0 249.8 249.7 0.254 46.4
798.4 43.0 251.0 251.0 0.254 36.9
798.1 43.1 251.1 251.1 0.255 28.4
798.4 43.0 254.0 253.9 0.254 15.8
951.6 43.1 249.1 249.1 0.506 142.8
951.4 43.1 249.0 248.9 0.508 142.8
951.1 43.1 249.4 249.3 0.507 132.7
953.0 43.1 253.6 253.0 0.505 92.8
951.9 43.1 249.3 249.2 0.504 146.7
1252.0 43.1 248.4 249.6 0.505 223.5
1252.0 43.1 248.6 249.1 0.507 221.9
1252.0 43.1 249.4 249.3 0.507 219.7
1253.0 43.1 249.4 249.3 0.507 218.7
1253.0 43.1 249.7 249.5 0.506 210.1
806.0 43.3 249.6 249.6 0.250 24.2
806.3 43.6 249.4 249.4 0.247 23.4
805.6 43.3 248.6 248.6 0.249 22.1
805.6 43.3 248.6 248.6 0.253 20.3
806.2 43.4 250.6 250.6 0.250 12.4
956.5 43.0 251.1 251.1 0.508 94.4
956.7 42.9 251.4 251.5 0.512 92.2
957.3 42.9 251.8 251.9 0.511 92.1
960.5 43.1 254.1 254.0 0.506 86.9
957.3 43.3 251.6 252.8 0.502 84.3
956.4 43.3 254.2 254.0 0.501 68.6
1250.0 43.1 249.5 249.4 0.504 167.7
1249.0 43.0 249.6 249.5 0.510 164.5
1249.0 43.4 249.2 249.2 0.499 159.6
1248.0 43.3 249.5 249.4 0.501 157.9
1248.0 43.2 258.1 258.0 0.503 154.1
1235.0 43.2 249.6 249.4 0.503 132.4
1236.0 43.2 252.0 251.6 0.509 115.8
817.4 43.2 277.5 277.4 0.197 13.2
817.1 43.2 226.5 226.4 0.155 11.2
802.8 43.2 252.5 252.5 0.181 0.7
800.0 43.1 252.7 252.7 0.165 8.9
799.8 43.1 253.5 253.5 0.146 19.2
797.9 43.0 252.4 252.4 0.165 29.4
798.1 43.1 251.3 251.3 0.145 42.3
1243.0 43.2 250.0 250.0 0.504 235.4
1244.0 43.2 251.5 251.5 0.503 233.9
1243.0 43.2 253.2 253.2 0.505 234.1
1239.0 43.3 252.1 251.9 0.502 236.2
955.8 43.6 249.4 249.4 0.491 124.5
956.7 43.2 250.3 250.3 0.503 116.5
956.0 43.1 255.5 255.5 0.504 111
953.3 43.5 251.5 251.7 0.495 104.5
953.1 43.5 252.9 253.2 0.498 98.4
1247.0 43.6 248.4 248.3 0.495 147
1251.0 43.6 248.9 248.9 0.496 163.6
202
A$ - Filename COP COP_o_m W_comp (kW) QEvap_mean (kW)
238 m991222_H01_35degSH_2parallel_SLHX_microevap_manual 1.61 1.60 4.98 8.009
239 m991223_H01_43degSH_2parallel_SLHX_microevap_manual 1.68 1.66 4.79 8.044
240 m991223_H01_32degSH_2parallel_SLHX_microevap_manual 1.57 1.58 5.08 7.946
241 m991223_H01_22degSH_2parallel_SLHX_microevap_manual 1.50 1.51 5.26 7.879
242 m991228_M01_10degSH_2parallel_SLHX_microevap_manual 2.04 2.15 3.33 6.804
243 m991228_M01_20degSH_2parallel_SLHX_microevap_manual 2.12 2.17 3.30 6.996
244 m991228_M01_30degSH_2parallel_SLHX_microevap_manual 2.21 2.21 3.18 7.020
245 m991228_M01_43degSH_2parallel_SLHX_microevap_manual 2.28 2.28 2.96 6.742
246 m991229_M01_48degSH_2parallel_SLHX_microevap_manual 2.23 2.22 2.78 6.211
247 m991229_M01_53degSH_2parallel_SLHX_microevap_manual 1.62 2.02 2.55 4.146
248 m991229_I0_10degSH_2parallel_SLHX_microevap_manual 1.76 1.78 2.00 3.510
249 m991229_I0_20degSH_2parallel_SLHX_microevap_manual 1.85 1.87 1.98 3.652
250 m991229_I0_30degSH_2parallel_SLHX_microevap_manual 1.95 1.95 1.95 3.801
251 m991230_I0_45degSH_2parallel_SLHX_microevap_manual 1.97 1.88 1.92 3.773
252 m991230_I0_50degSH_2parallel_SLHX_microevap_manual 1.86 1.70 1.83 3.399
253 m000105_I0_10degSH_2parallel_SLHX_me_Wdist_manual 1.80 1.81 1.92 3.456
254 m000105_I0_20degSH_2parallel_SLHX_me_Wdist_manual 1.88 1.90 1.89 3.558
255 m000105_I0_30degSH_2parallel_SLHX_me_Wdist_manual 1.95 1.98 1.86 3.636
256 m000106_I0_40degSH_2parallel_SLHX_me_Wdist_manual 1.95 1.96 1.91 3.726
257 m000106_I0_45degSH_2parallel_SLHX_me_Wdist_manual 1.86 1.88 1.89 3.507
258 m000106_I0_53degSH_2parallel_SLHX_me_Wdist_manual 1.77 1.77 1.77 3.147
259 m000108_M01_13degSH_2parallel_SLHX_me_Wdist_manual 2.12 2.14 3.22 6.824
260 m000107_M01_26degSH_2parallel_SLHX_me_Wdist_manual 2.16 2.25 3.09 6.674
261 m000107_M01_38degSH_2parallel_SLHX_me_Wdist_manual 2.20 2.26 2.90 6.379
262 m000107_M01_49degSH_2parallel_SLHX_me_Wdist_manual 2.17 2.28 2.71 5.890
263 m000106_M01_53degSH_2parallel_SLHX_me_Wdist_manual 1.85 1.99 2.57 4.737
264 m000112_H01_10degSH_2parallel_SLHX_me_Wdist_manual 1.44 1.45 5.32 7.667
265 m000112_H01_20degSH_2parallel_SLHX_me_Wdist_manual 1.51 1.51 5.12 7.721
266 m000112_H01_29degSH_2parallel_SLHX_me_Wdist_manual 1.59 1.58 4.96 7.894
267 m000111_H01_40degSH_2parallel_SLHX_me_Wdist_manual 1.58 1.61 4.71 7.445
268 m000111_H01_52degSH_2parallel_SLHX_me_Wdist_manual 1.55 1.63 4.44 6.877
269 m000111_H01_58degSH_2parallel_SLHX_me_Wdist_manual 1.48 1.61 4.20 6.213
270 m000111_H01_60degSH_2parallel_SLHX_me_Wdist_manual 1.39 1.60 4.06 5.619
271 m000108_18_5mr 2.47 2.50 1.09 2.697
272 m000108_24_44mr 2.12 2.12 1.48 3.126
273 m000108_28_98mr 1.89 1.91 1.83 3.474
274 m000108_32_8mr 1.63 1.64 2.31 3.765
275 m000108_37_2mr 1.33 1.34 3.05 4.050
276 m000115_H01_12degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.50 1.47 5.25 7.845
277 m000115_H01_20degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.57 1.54 5.08 7.995
278 m000115_H01_30degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.64 1.60 4.88 7.996
279 m000115_H01_40degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.62 1.64 4.69 7.587
280 m000114_H01_50degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.67 1.64 4.47 7.451
281 m000114_H01_58degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.62 1.61 4.09 6.612
282 m000115_M01_12degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 2.13 2.14 3.22 6.833
283 m000115_M01_22degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 2.20 2.20 3.11 6.828
284 m000115_M01_30degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 2.23 2.22 3.02 6.753
285 m000117_M01_40degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 2.34 2.27 2.80 6.547
286 m000117_M01_48degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 2.14 2.22 2.66 5.699
287 m000117_M01_52degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.79 2.08 2.56 4.567
288 m000118_I0_11degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.78 1.81 1.90 3.384
289 m000118_I0_22degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.90 1.91 1.87 3.563
290 m000118_I0_31degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.89 1.91 1.92 3.631
291 m000118_I0_42degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.95 1.96 1.85 3.606
292 m000118_I0_48degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.83 1.88 1.81 3.305
293 m000118_I0_52degSH_2p_SLHX_me_Wdist_2ndmiccond_manual 1.65 1.79 1.75 2.890
294 H01_last 1.37 1.31 5.18 7.086
295 i0_last_10degsh 1.76 1.75 1.88 3.297
296 i0_last_16degsh 1.72 1.71 1.92 3.303






























































QEvap_mean_o_m (kW) Q_latent (kW) Q_latent_o_m (kW) Q_sensible (kW) Q_Evap (kW) Q_Evap_o_m (kW) Qevap_air (kW)
7.959 4.923 4.873 3.086 8.156 8.105 7.862
7.955 4.895 4.805 3.149 8.187 8.095 7.902
7.999 4.871 4.925 3.074 8.052 8.106 7.839
7.919 4.781 4.822 3.098 8.012 8.053 7.746
7.151 4.099 4.446 2.705 6.891 7.246 6.718
7.163 4.257 4.424 2.739 7.073 7.244 6.920
7.024 4.276 4.279 2.745 7.101 7.105 6.940
6.753 4.077 4.088 2.665 6.851 6.863 6.632
6.169 3.543 3.501 2.668 6.335 6.293 6.087
5.148 1.926 2.928 2.220 4.190 5.215 4.102
3.563 0.166 0.218 3.345 3.596 3.649 3.425
3.687 0.288 0.324 3.363 3.735 3.772 3.568
3.800 0.472 0.471 3.329 3.850 3.849 3.753
3.616 0.747 0.590 3.026 3.845 3.684 3.701
3.098 0.879 0.578 2.520 3.525 3.217 3.272
3.476 0.167 0.187 3.289 3.592 3.612 3.321
3.594 0.295 0.331 3.262 3.677 3.714 3.438
3.685 0.425 0.475 3.210 3.710 3.761 3.562
3.743 0.573 0.590 3.153 3.776 3.793 3.676
3.536 0.561 0.591 2.946 3.565 3.596 3.448
3.141 0.529 0.522 2.619 3.261 3.254 3.034
6.897 4.074 4.147 2.750 6.915 6.990 6.732
6.964 4.028 4.319 2.645 6.657 6.954 6.691
6.553 3.786 3.960 2.593 6.426 6.604 6.332
6.182 3.415 3.708 2.474 5.858 6.157 5.922
5.117 2.455 2.835 2.282 4.748 5.137 4.727
7.709 4.827 4.870 2.839 7.678 7.722 7.655
7.737 4.819 4.836 2.902 7.794 7.811 7.648
7.836 4.950 4.892 2.944 7.948 7.889 7.840
7.601 4.418 4.575 3.026 7.496 7.656 7.394
7.235 3.952 4.311 2.925 6.902 7.269 6.852
6.783 3.395 3.965 2.818 6.240 6.824 6.186
6.496 2.866 3.744 2.753 5.650 6.549 5.588
2.727 -0.135 -0.105 2.831 2.800 2.830 2.593
3.136 -0.111 -0.101 3.237 3.226 3.236 3.027
3.498 -0.165 -0.140 3.638 3.623 3.648 3.324
3.778 -0.156 -0.143 3.921 3.913 3.926 3.618
4.075 -0.215 -0.189 4.265 4.257 4.283 3.843
7.707 4.963 4.825 2.882 7.919 7.778 7.771
7.817 5.075 4.896 2.921 8.065 7.882 7.926
7.798 5.069 4.871 2.927 8.056 7.854 7.935
7.693 4.629 4.734 2.959 7.659 7.767 7.516
7.343 4.618 4.511 2.833 7.466 7.355 7.437
6.591 3.937 3.916 2.675 6.647 6.625 6.577
6.875 4.190 4.232 2.644 6.865 6.908 6.802
6.835 4.181 4.188 2.647 6.853 6.860 6.804
6.701 3.983 3.931 2.770 6.815 6.762 6.692
6.358 3.897 3.708 2.650 6.629 6.436 6.464
5.905 3.237 3.442 2.462 5.660 5.871 5.738
5.309 2.306 3.049 2.260 4.522 5.282 4.612
3.431 0.257 0.304 3.127 3.435 3.483 3.333
3.568 0.340 0.345 3.223 3.647 3.653 3.479
3.660 0.369 0.398 3.262 3.739 3.768 3.523
3.624 0.533 0.552 3.073 3.643 3.662 3.568
3.399 0.394 0.487 2.912 3.392 3.487 3.219
3.134 0.285 0.528 2.606 2.963 3.212 2.818
6.759 4.399 4.072 2.687 7.157 6.822 7.016
3.286 0.381 0.369 2.916 3.407 3.395 3.188
3.288 0.450 0.435 2.853 3.395 3.380 3.210






























































Qevap_air_o_m (kW) Qeag (kW) Qeag_o_m (kW) Qer (kW) Qer_Refprop (kW) Qetr (kW) ErrEvap_tot ErrEvap_tot_o_m ErrEvap_a
7.814 7.837 7.788 -1.924 -1.873 0.120 -1.835 -1.833 1.835
7.814 7.926 7.839 -2.233 -2.192 0.121 -1.774 -1.768 1.774
7.891 7.860 7.912 -1.921 -1.867 0.120 -1.338 -1.347 1.338
7.785 7.768 7.807 -1.702 -1.639 0.117 -1.685 -1.690 1.685
7.056 6.722 7.061 10.110 -1.394 0.118 -1.273 -1.328 1.273
7.083 6.942 7.105 9.250 9.384 0.116 -1.093 -1.125 1.093
6.943 7.002 7.006 8.165 8.281 0.115 -1.147 -1.149 1.147
6.643 6.761 6.772 6.656 6.730 0.115 -1.622 -1.625 1.622
6.046 6.264 6.223 6.119 6.172 0.114 -2.002 -2.001 2.002
5.081 4.354 5.332 5.199 5.230 0.109 -1.061 -1.299 1.061
3.476 3.473 3.524 5.766 5.859 0.108 -2.429 -2.431 2.429
3.602 3.603 3.637 5.329 5.414 0.108 -2.294 -2.298 2.294
3.751 3.771 3.769 4.689 4.765 0.109 -1.284 -1.285 1.284
3.548 3.781 3.628 3.578 3.634 0.107 -1.906 -1.884 1.906
2.978 3.387 3.093 3.227 3.263 0.104 -3.711 -3.847 3.711
3.340 3.379 3.398 5.621 5.708 0.106 -3.922 -3.915 3.922
3.473 3.510 3.545 5.140 5.219 0.109 -3.363 -3.355 3.363
3.610 3.653 3.702 4.641 4.714 0.106 -2.040 -2.047 2.040
3.692 3.868 3.884 3.656 3.715 0.107 -1.336 -1.343 1.336
3.477 3.726 3.755 3.327 3.369 0.110 -1.675 -1.683 1.675
3.027 3.183 3.176 3.093 3.121 0.108 -3.609 -3.613 3.609
6.803 6.819 6.890 9.594 9.726 0.109 -1.344 -1.356 1.344
6.974 6.808 7.091 8.305 8.418 0.110 0.255 0.143 -0.255
6.501 6.491 6.660 6.672 6.759 0.111 -0.736 -0.781 0.736
6.207 6.143 6.428 5.811 5.854 0.111 0.544 0.405 -0.544
5.098 5.027 5.397 5.144 5.170 0.110 -0.217 -0.374 0.217
7.697 7.751 7.792 -1.724 -1.658 0.100 -0.149 -0.163 0.149
7.664 7.744 7.759 11.010 11.160 0.100 -0.946 -0.951 0.946
7.784 7.972 7.916 -1.697 -1.646 0.104 -0.681 -0.670 0.681
7.546 7.435 7.587 8.683 8.794 0.102 -0.684 -0.721 0.684
7.202 7.051 7.401 6.846 6.928 0.104 -0.363 -0.467 0.363
6.742 6.409 6.965 6.708 6.753 0.105 -0.438 -0.605 0.438
6.444 5.906 6.762 6.386 6.423 0.105 -0.556 -0.804 0.556
2.624 2.684 2.714 2.559 2.596 0.112 -3.831 -3.792 3.831
3.036 3.096 3.106 3.789 3.846 0.112 -3.188 -3.180 3.188
3.349 3.409 3.434 4.539 4.608 0.111 -4.301 -4.274 4.301
3.630 3.716 3.729 5.157 5.236 0.112 -3.921 -3.910 3.921
3.868 3.959 3.984 5.879 5.972 0.112 -5.122 -5.093 5.122
7.636 7.853 7.719 11.700 11.860 0.109 -0.944 -0.919 0.944
7.751 8.078 7.904 10.830 10.970 0.108 -0.873 -0.839 0.873
7.742 8.102 7.909 9.796 9.921 0.108 -0.756 -0.715 0.756
7.619 7.736 7.839 8.664 -1.911 0.109 -0.942 -0.964 0.942
7.331 7.588 7.483 7.036 -2.390 0.103 -0.194 -0.162 0.194
6.556 6.817 6.796 6.430 6.467 0.104 -0.530 -0.525 0.530
6.843 6.876 6.917 9.776 9.909 0.107 -0.457 -0.470 0.457
6.810 6.897 6.903 8.874 8.992 0.107 -0.359 -0.363 0.359
6.641 6.808 6.757 7.961 8.066 0.108 -0.914 -0.904 0.914
6.280 6.654 6.470 6.197 6.273 0.107 -1.258 -1.226 1.258
5.938 5.804 6.005 5.717 5.756 0.107 0.683 0.574 -0.683
5.336 4.716 5.440 5.234 5.260 0.106 0.980 0.512 -0.980
3.378 3.376 3.421 5.459 5.543 0.113 -1.521 -1.535 1.521
3.484 3.542 3.547 4.997 5.074 0.114 -2.364 -2.366 2.364
3.551 3.624 3.652 4.521 4.591 0.113 -2.973 -2.971 2.973
3.587 3.744 3.762 3.491 3.546 0.113 -1.034 -1.043 1.034
3.310 3.410 3.501 3.255 3.292 0.113 -2.612 -2.608 2.612
3.056 2.886 3.123 3.052 3.078 0.114 -2.500 -2.490 2.500
6.696 7.178 6.858 4.238 4.258 0.100 -0.994 -0.928 0.994
3.177 3.384 3.373 3.055 3.073 0.102 -3.314 -3.318 3.314
3.196 3.416 3.401 2.903 2.919 0.101 -2.795 -2.799 2.795






























































ErrEvap_a_o_m ErrEvap_r ErrEvap_r_o_m QCond_mean (kW) Q_Cond1 (kW) Qca (kW) Qcr (kW) Qcr_Refprop (kW) Qctr (kW)
1.833 123.400 123.500 13.200 -13.310 13.100 12.830 12.800 0.046
1.768 127.200 127.600 12.780 -12.860 12.690 12.500 12.470 0.046
1.347 123.500 123.300 13.090 -13.280 12.910 12.940 12.910 0.046
1.690 120.800 120.700 13.380 -13.570 13.190 13.170 13.160 0.050
1.328 120.500 119.500 10.420 -10.400 10.440 10.250 10.250 0.046
1.125 -34.130 -31.000 10.630 -10.610 10.660 10.390 10.390 0.048
1.149 -17.960 -17.890 10.490 -10.450 10.540 10.150 10.140 0.049
1.625 0.180 0.347 9.812 -9.692 9.932 9.371 9.349 0.050
2.001 0.624 -0.048 8.905 -8.790 9.020 8.647 8.621 0.052
1.299 -26.120 -1.579 7.727 -7.661 7.793 7.440 7.419 0.052
2.431 -66.900 -64.450 5.241 -5.090 5.392 5.426 5.417 0.086
2.298 -48.270 -46.850 5.371 -5.195 5.547 5.495 5.478 0.085
1.285 -25.350 -25.400 5.432 -5.256 5.608 5.516 5.494 0.085
1.884 3.686 -0.495 5.167 -4.810 5.525 5.234 5.208 0.092
3.847 4.000 -5.328 4.680 -4.364 4.996 4.691 4.667 0.091
3.915 -65.160 -64.210 5.105 -4.900 5.310 5.212 5.200 0.076
3.355 -46.710 -45.240 5.200 -4.983 5.417 5.258 5.238 0.079
2.047 -29.650 -27.910 5.177 -5.035 5.319 5.278 5.254 0.077
1.343 0.295 0.745 4.974 -4.929 5.020 5.253 5.239 0.094
1.683 3.918 4.731 4.717 -4.584 4.850 4.981 4.977 0.072
3.613 0.831 0.619 4.617 -4.196 5.039 4.515 4.493 0.076
1.356 -42.530 -41.020 10.190 -10.230 10.140 10.080 10.080 0.040
-0.143 -26.140 -20.880 9.922 -10.060 9.783 9.823 9.803 0.014
0.781 -5.945 -3.143 9.634 -9.430 9.839 9.259 9.234 0.019
-0.405 0.602 5.300 8.455 -8.595 8.316 8.383 8.359 0.028
0.374 -9.122 -1.022 7.759 -7.766 7.752 7.435 7.414 0.039
0.163 121.600 121.500 12.930 -13.490 12.380 12.970 12.950 0.036
0.951 -44.480 -44.180 13.140 -13.250 13.030 12.810 12.770 0.045
0.670 120.800 121.000 12.970 -13.150 12.800 12.650 12.620 0.032
0.721 -18.130 -15.700 12.670 -12.760 12.580 12.250 12.210 0.038
0.467 -0.739 4.253 11.880 -11.890 11.860 11.440 11.400 0.031
0.605 -8.691 0.446 11.100 -11.110 11.090 10.680 10.640 0.043
0.804 -14.310 1.137 10.560 -10.480 10.630 10.150 10.120 0.036
3.792 3.734 4.808 3.323 -3.207 3.439 3.421 3.409 0.082
3.180 -23.030 -22.650 4.223 -4.143 4.303 4.312 4.297 0.085
4.274 -32.650 -31.720 5.096 -4.867 5.325 5.072 5.050 0.088
3.910 -39.050 -38.590 5.819 -5.653 5.984 5.835 5.806 0.088
5.093 -47.450 -46.530 6.925 -6.615 7.236 6.849 6.808 0.091
0.919 -51.190 -53.890 13.160 -13.360 12.960 12.880 12.850 0.049
0.839 -37.180 -40.320 13.120 -13.260 12.970 12.760 12.740 0.053
0.715 -24.080 -27.230 12.820 -12.970 12.670 12.480 12.440 0.053
0.964 125.200 124.800 12.600 -12.580 12.630 12.140 12.100 0.047
0.162 132.100 132.500 11.740 -11.950 11.530 11.490 11.450 0.043
0.525 2.193 1.874 10.600 -10.620 10.590 10.230 10.190 0.045
0.470 -45.000 -44.120 10.300 -10.420 10.180 10.050 10.040 0.051
0.363 -31.680 -31.550 10.240 -10.260 10.220 9.931 9.914 0.052
0.904 -19.430 -20.360 10.120 -10.150 10.100 9.767 9.755 0.052
1.226 4.180 1.335 9.350 -9.193 9.507 8.950 8.928 0.036
-0.574 -1.001 2.514 8.626 -8.523 8.730 8.193 8.170 0.040
-0.512 -15.180 0.929 7.952 -7.787 8.117 7.498 7.477 0.047
1.535 -63.800 -61.570 5.188 -4.904 5.471 5.189 5.178 0.086
2.366 -42.410 -42.210 5.335 -5.027 5.643 5.264 5.247 0.079
2.971 -26.440 -25.440 5.406 -5.057 5.754 5.297 5.273 0.088
1.043 1.661 2.172 5.093 -4.880 5.306 5.096 5.072 0.082
2.608 0.394 3.121 4.955 -4.494 5.416 4.818 4.794 0.091
2.490 -6.493 1.782 4.535 -4.024 5.046 4.436 4.414 0.093
0.928 39.910 37.000 12.200 -12.710 11.700 6.530 6.527 0.028
3.318 6.803 6.472 4.906 -4.652 5.161 4.936 4.930 0.076
2.799 11.610 11.210 4.947 -4.708 5.187 4.911 4.900 0.072






























































Q_glycol (kW) ErrCond_tot ErrCond_a ErrCond_r Denr mr (g/s) mrc (g/s) Pcri (kPa) Pcro(kPa) DPcr(kPa)
17.210 -0.787 0.787 3.022 1.165 62.08 64.16 2072 1957 115.4
17.390 -0.670 0.670 2.391 1.149 57.32 58.83 2026 1923 102.3
17.630 -1.418 1.418 1.416 1.166 65.12 66.57 2088 1960 128.7
17.560 -1.412 1.412 1.665 1.175 68.75 70.56 2157 2029 127.9
14.770 0.185 -0.185 1.561 1.164 64.18 64.67 2133 2020 112.7
14.730 0.270 -0.270 2.251 1.164 58.94 59.86 2136 2041 94.3
14.690 0.432 -0.432 3.351 1.149 54.05 55.36 2068 1980 87.9
14.680 1.224 -1.224 4.725 1.117 45.69 47.09 1946 1878 68.7
12.270 1.296 -1.296 3.184 1.111 41.11 41.66 1854 1794 60.6
12.240 0.851 -0.851 3.982 1.109 33.38 34.28 1731 1690 41.0
7.882 2.883 -2.883 -3.365 1.170 36.48 34.00 2431 2379 51.9
7.864 3.276 -3.276 -1.997 1.167 34.03 32.00 2412 2364 48.1
7.855 3.243 -3.243 -1.137 1.153 31.09 29.50 2378 2338 40.0
6.497 6.923 -6.923 -0.778 1.105 26.63 24.40 2298 2264 33.6
6.454 6.752 -6.752 0.275 1.091 22.57 20.94 2210 2189 21.7
9.046 4.014 -4.014 -1.857 1.178 35.21 32.89 2367 2323 43.9
9.013 4.177 -4.177 -0.740 1.174 32.56 30.68 2348 2308 40.5
8.477 2.740 -2.740 -1.480 1.165 30.19 28.67 2326 2287 39.6
7.040 0.914 -0.914 -5.322 1.126 26.44 24.72 2285 2266 19.4
6.865 2.818 -2.818 -5.517 1.109 23.14 21.25 2285 2268 17.0
6.824 9.127 -9.127 2.706 1.084 21.33 19.78 2158 2142 16.0
11.970 -0.442 0.442 1.066 1.175 60.09 60.65 2056 1955 101.4
12.470 -1.404 1.404 1.202 1.164 53.93 54.96 2002 1912 90.2
12.340 2.122 -2.122 4.161 1.138 46.57 47.25 1908 1835 72.1
12.630 -1.651 1.651 1.140 1.108 39.18 40.04 1801 1748 53.2
12.790 -0.090 0.090 4.442 1.107 32.88 34.25 1705 1668 36.8
17.330 -4.300 4.300 -0.161 1.180 75.09 77.64 2102 1947 154.7
17.320 -0.837 0.837 2.787 1.181 68.55 70.59 2050 1911 139.0
17.390 -1.315 1.315 2.758 1.181 63.47 65.72 2016 1895 121.2
16.290 -0.743 0.743 3.607 1.167 56.67 58.90 1946 1844 101.7
15.700 -0.165 0.165 3.962 1.132 49.31 51.16 1843 1760 82.3
15.720 -0.094 0.094 4.190 1.113 44.40 46.14 1767 1697 70.2
15.810 0.714 -0.714 4.154 1.113 41.41 42.68 1732 1671 60.5
7.633 3.491 -3.491 -2.598 1.112 18.48 17.24 2079 2057 22.1
7.704 1.897 -1.897 -1.743 1.164 24.45 23.37 2199 2175 23.4
9.032 4.497 -4.497 0.906 1.173 28.98 27.68 2308 2269 38.6
9.013 2.847 -2.847 0.221 1.178 32.81 31.65 2387 2350 36.6
9.053 4.483 -4.483 1.691 1.184 37.21 35.81 2496 2460 35.8
16.520 -1.543 1.543 2.353 1.183 72.38 74.73 2085 1926 158.9
16.580 -1.135 1.135 2.899 1.185 66.90 69.24 2047 1908 138.8
16.610 -1.171 1.171 3.039 1.179 61.74 63.98 1984 1856 128.0
16.730 0.181 -0.181 3.966 1.167 56.56 58.43 1927 1814 112.8
15.890 -1.797 1.797 2.450 1.139 49.74 51.64 1845 1754 90.9
16.080 -0.144 0.144 3.853 1.113 41.77 43.29 1719 1647 72.7
13.010 -1.143 1.143 2.504 1.174 60.99 62.86 2044 1930 113.7
13.010 -0.205 0.205 3.146 1.170 56.08 57.61 2001 1898 103.6
13.000 -0.264 0.264 3.657 1.165 51.37 53.15 1967 1879 87.7
13.640 1.680 -1.680 4.512 1.131 43.77 44.79 1845 1773 72.4
12.500 1.202 -1.202 5.290 1.109 37.77 39.17 1749 1690 59.2
12.330 2.075 -2.075 5.977 1.108 33.31 34.50 1672 1623 49.1
7.244 5.468 -5.468 0.185 1.178 34.10 32.02 2353 2303 49.1
7.258 5.770 -5.770 1.652 1.173 31.71 30.13 2323 2286 37.0
7.341 6.448 -6.448 2.445 1.163 29.40 27.95 2312 2266 45.8
7.292 4.177 -4.177 0.405 1.112 26.00 24.82 2248 2213 34.6
7.301 9.300 -9.300 3.250 1.088 23.44 21.81 2202 2170 31.5
7.418 11.260 -11.260 2.670 1.083 20.81 18.83 2139 2119 20.1
15.460 -4.127 4.127 46.510 0.344 37.74 73.03 2061 1901 160.0
8.654 5.184 -5.184 -0.473 0.983 31.59 29.59 2323 2278 44.8
9.026 4.844 -4.844 0.952 0.984 29.41 28.04 2306 2264 41.6






























































Tcri  (C) Tcro  (C) Tori  (C) T_cond  (C) DT_sub  (C) DT_subF (F) Tcn2  (C) DPca DPcn Rc RHc
125.60 63.20 34.24 66.55 3.35 6.02 61.95 48.2 744.0 119373 0.4
132.50 61.47 38.53 65.80 4.33 7.79 61.46 48.0 742.7 119413 0.4
121.00 64.65 33.88 66.62 1.97 3.55 61.80 48.4 743.8 119355 0.4
113.90 63.32 31.18 68.16 4.84 8.71 62.17 48.5 743.4 119289 0.4
92.43 66.64 34.07 67.97 1.33 2.39 62.92 31.3 437.3 92150 0.4
101.70 63.69 34.07 68.42 4.73 8.51 63.28 31.6 438.4 92090 0.4
111.20 64.26 37.85 67.07 2.80 5.04 63.02 31.8 439.0 92159 0.4
122.10 62.54 45.78 64.75 2.21 3.98 61.77 31.7 439.2 92507 0.4
124.70 61.77 47.16 62.77 1.01 1.81 60.29 31.0 431.4 92063 0.4
130.70 59.02 47.42 60.22 1.21 2.17 58.06 31.1 429.1 92660 0.4
97.80 74.21 33.60 75.33 1.12 2.02 71.83 25.3 308.8 73900 0.4
106.90 73.91 34.43 75.04 1.13 2.04 72.13 25.4 308.6 73821 0.4
118.10 73.19 38.04 74.53 1.34 2.41 72.29 25.2 308.9 73824 0.4
131.80 72.30 49.53 73.08 0.77 1.40 71.93 26.0 311.5 74014 0.4
138.40 70.72 52.15 71.54 0.82 1.48 70.83 25.6 306.0 73584 0.4
96.18 74.04 32.30 74.24 0.20 0.35 71.49 23.9 301.3 72479 0.4
105.80 73.70 33.27 73.94 0.24 0.44 71.72 24.2 301.7 72478 0.4
115.50 73.19 35.86 73.52 0.33 0.60 71.65 24.1 301.7 72501 0.4
129.50 69.36 45.65 73.11 3.75 6.74 71.12 24.3 304.0 72900 0.4
136.40 64.30 49.62 73.15 8.85 15.93 70.60 23.7 303.1 72924 0.4
140.20 70.03 54.08 70.56 0.53 0.96 70.46 23.5 303.0 72984 0.4
94.98 64.56 32.22 66.51 1.95 3.52 61.66 30.4 429.5 91004 0.4
106.40 64.84 35.41 65.53 0.69 1.25 61.55 30.3 429.9 90591 0.4
117.00 63.00 41.68 63.76 0.76 1.37 61.07 30.3 428.9 90648 0.4
126.00 60.80 48.64 61.67 0.87 1.56 59.02 30.7 428.2 91194 0.4
132.50 58.45 48.33 59.68 1.23 2.21 57.78 30.2 425.2 91541 0.4
101.20 65.82 30.65 66.33 0.51 0.92 60.47 48.9 750.8 121489 0.4
111.40 65.24 30.18 65.52 0.28 0.50 60.96 48.9 749.7 121119 0.4
118.60 63.12 30.48 65.15 2.03 3.65 60.72 48.7 750.1 121156 0.4
130.30 61.60 34.00 63.97 2.37 4.27 60.40 48.9 745.9 120596 0.4
141.70 60.50 42.82 61.96 1.46 2.63 59.41 48.6 742.7 120854 0.4
147.60 59.94 47.04 60.40 0.46 0.83 58.36 48.2 740.7 121211 0.4
149.60 58.54 47.03 59.75 1.21 2.18 57.84 47.7 733.8 120932 0.4
114.50 68.26 48.22 68.77 0.50 0.90 67.62 24.0 299.6 73442 0.4
112.10 70.82 35.77 71.26 0.44 0.80 69.59 24.2 300.8 73125 0.4
114.80 72.71 33.39 73.18 0.47 0.84 71.52 24.4 302.0 72865 0.4
120.20 74.36 32.16 74.77 0.41 0.74 72.99 24.5 308.3 73291 0.4
129.30 76.44 30.56 76.88 0.44 0.79 75.46 24.8 310.1 73006 0.4
104.70 65.46 29.60 65.85 0.39 0.70 61.17 51.4 745.2 120284 0.4
112.80 63.87 29.03 65.45 1.58 2.85 61.18 51.5 745.4 120252 0.4
121.50 63.78 30.77 64.25 0.47 0.85 60.91 51.0 742.0 120056 0.4
129.80 62.29 33.89 63.26 0.96 1.74 60.62 51.1 742.5 120109 0.4
139.80 59.85 40.86 61.81 1.96 3.52 59.27 50.9 729.9 119022 0.4
149.20 58.56 46.81 59.12 0.57 1.02 57.89 50.3 725.7 119074 0.4
93.27 65.22 32.01 65.96 0.74 1.33 61.83 32.4 431.4 91184 0.4
102.10 64.73 33.05 65.21 0.48 0.87 61.91 32.6 431.9 91189 0.4
109.40 62.39 34.69 64.78 2.39 4.30 61.72 32.7 431.6 91217 0.4
118.70 61.18 42.74 62.27 1.08 1.95 60.58 31.4 425.3 90413 0.4
126.20 59.45 47.47 60.23 0.78 1.41 59.19 31.2 423.4 90787 0.4
130.50 57.87 47.50 58.52 0.65 1.17 57.93 31.0 423.0 91223 0.4
98.20 73.32 31.90 73.86 0.54 0.97 71.83 24.8 304.7 72924 0.4
107.80 72.75 33.26 73.52 0.76 1.38 72.14 25.0 304.9 72887 0.4
118.80 72.55 35.83 73.11 0.56 1.01 72.46 24.6 304.1 72774 0.4
129.30 71.13 48.50 72.05 0.92 1.66 71.74 25.6 305.1 72965 0.4
136.10 70.59 53.02 71.16 0.56 1.01 71.68 24.6 303.1 72828 0.4
140.50 69.46 53.88 70.09 0.63 1.14 70.88 24.5 302.4 72917 0.4
98.26 63.80 64.35 65.28 1.49 2.68 59.91 50.4 752.3 121076 0.4
98.93 71.81 72.23 73.35 1.54 2.78 71.09 25.6 312.1 73932 0.4
106.60 71.47 71.87 73.08 1.61 2.89 71.34 25.7 302.5 72715 0.4






























































Peri(kPa) Pero(kPa) DPer(kPa) Teri (C) Tero  (C) T_evap  (C) DT_sup  (C) DT_supF (F) x_in x_out x_out_o_m
507 467 39.94 14.58 13.06 13.61 -0.55 -0.99 0.145 0.840 0.835
487 450 36.85 13.33 11.78 12.43 -0.65 -1.18 0.188 0.943 0.935
520 481 38.21 15.24 13.76 14.52 -0.76 -1.37 0.137 0.800 0.804
530 491 39.11 15.83 14.42 15.12 -0.70 -1.26 0.112 0.736 0.739
584 553 31.27 19.84 18.92 18.91 0.01 0.02 0.112 0.706 0.736
563 533 30.04 18.66 17.77 17.70 0.07 0.12 0.121 0.775 0.791
544 516 28.60 17.76 16.86 16.67 0.19 0.33 0.158 0.865 0.865
493 465 28.21 14.71 21.80 13.44 8.36 15.05 0.242 1.032 1.033
451 424 26.72 11.88 26.10 10.65 15.45 27.82 0.270 1.086 1.080
373 349 23.91 6.14 31.98 4.95 27.03 48.65 0.306 0.945 1.102
545 532 13.25 18.52 18.44 17.65 0.79 1.42 0.126 0.707 0.715
535 522 12.65 17.98 17.92 17.05 0.87 1.56 0.137 0.776 0.782
516 504 11.99 16.92 16.86 15.94 0.92 1.65 0.173 0.884 0.883
480 468 11.88 15.09 16.43 13.68 2.75 4.96 0.279 1.129 1.093
434 423 10.98 12.02 28.28 10.57 17.71 31.88 0.319 1.214 1.135
521 512 9.30 17.73 17.53 16.42 1.12 2.01 0.125 0.721 0.724
509 500 8.94 17.03 16.85 15.68 1.16 2.09 0.138 0.789 0.796
496 488 8.68 16.26 16.09 14.93 1.17 2.10 0.163 0.864 0.873
474 466 8.37 14.39 14.41 13.48 0.93 1.67 0.250 1.071 1.075
442 434 8.05 11.91 25.37 11.34 14.04 25.27 0.295 1.189 1.197
418 410 7.88 10.43 33.09 9.63 23.46 42.23 0.340 1.212 1.211
541 521 19.72 18.10 17.43 17.01 0.42 0.76 0.115 0.741 0.748
515 497 18.22 16.21 15.65 15.51 0.14 0.26 0.150 0.811 0.840
471 453 17.58 13.33 12.73 12.67 0.07 0.12 0.218 0.950 0.971
413 396 17.41 9.36 27.19 8.58 18.61 33.50 0.298 1.071 1.111
351 336 15.91 4.77 33.85 3.79 30.05 54.09 0.322 1.041 1.100
520 493 27.42 16.05 15.13 15.26 -0.12 -0.22 0.111 0.652 0.655
496 470 25.56 15.14 13.95 13.79 0.16 0.29 0.118 0.718 0.719
473 448 24.25 13.30 12.18 12.33 -0.15 -0.27 0.131 0.783 0.778
442 418 23.42 11.61 10.38 10.23 0.15 0.27 0.171 0.851 0.866
403 380 23.39 8.50 7.57 7.38 0.19 0.34 0.256 0.969 1.007
371 347 24.10 5.99 26.33 4.74 21.59 38.86 0.304 1.011 1.077
348 325 23.40 3.93 29.14 2.88 26.26 47.28 0.314 1.001 1.111
564 558 6.17 20.43 20.89 19.17 1.72 3.10 0.235 1.130 1.140
524 516 7.26 17.97 17.96 16.71 1.25 2.25 0.151 0.903 0.906
479 471 8.37 15.00 14.90 13.83 1.07 1.92 0.151 0.856 0.861
449 439 9.59 12.99 12.78 11.72 1.06 1.91 0.156 0.816 0.818
421 410 11.44 10.83 10.49 9.60 0.88 1.59 0.157 0.787 0.790
507 480 26.23 15.57 14.51 14.45 0.06 0.11 0.109 0.686 0.676
484 459 24.83 14.22 13.18 13.06 0.12 0.22 0.114 0.745 0.730
463 440 23.76 12.92 11.86 11.74 0.12 0.21 0.137 0.814 0.797
439 416 23.20 11.17 10.08 10.05 0.03 0.05 0.172 0.871 0.881
400 377 23.05 8.35 7.19 7.19 0.00 0.01 0.242 1.005 0.994
348 325 23.39 4.10 28.46 2.88 25.59 46.06 0.312 1.109 1.107
545 525 19.16 18.42 17.84 17.27 0.57 1.03 0.111 0.712 0.716
524 506 17.93 17.28 16.71 16.07 0.64 1.16 0.128 0.778 0.779
497 480 16.99 15.63 15.06 14.44 0.62 1.12 0.152 0.848 0.842
450 434 16.22 12.53 11.98 11.31 0.67 1.20 0.235 1.027 1.004
400 384 16.24 8.82 28.18 7.71 20.47 36.85 0.293 1.055 1.083
357 341 15.49 5.54 33.33 4.29 29.03 52.26 0.313 0.994 1.108
526 516 9.38 17.60 17.55 16.71 0.84 1.52 0.120 0.706 0.714
508 500 8.66 16.52 16.51 15.68 0.83 1.49 0.138 0.796 0.797
497 489 8.26 16.14 16.10 15.01 1.09 1.96 0.163 0.887 0.893
478 470 8.00 14.69 14.75 13.76 0.99 1.78 0.271 1.061 1.066
452 444 7.58 13.27 25.82 12.06 13.77 24.78 0.318 1.149 1.172
417 409 7.40 10.78 34.49 9.59 24.90 44.82 0.339 1.171 1.241
462 416 45.90 10.91 15.71 10.09 5.61 10.10 0.411 0.940 0.915
488 477 11.07 15.13 15.14 14.23 0.91 1.63 0.470 1.092 1.090
478 468 10.48 14.46 16.28 13.62 2.66 4.79 0.470 1.122 1.120






























































DG_gps (g/s) DG_gps_o_m (g/s) Dslope_new_method (g/s) Dslope (g/s) Ts  (C) Tw  (C) Tdpei  (C) Tdpeo  (C) Tdpeo_old  (C) Rhea_out
1.953 1.933 0.004 0.004 100.2 19.0 30.7 19.6 19.7 0.838
1.936 1.901 0.004 0.004 100.2 17.6 30.7 19.7 20.0 0.857
1.917 1.938 0.004 0.004 100.1 19.0 30.7 19.9 19.8 0.865
1.894 1.910 0.004 0.004 100.2 19.5 30.6 20.1 20.0 0.860
1.622 1.760 0.004 0.004 99.5 22.7 30.6 22.3 21.4 0.855
1.677 1.744 0.004 0.004 99.6 21.9 30.6 21.9 21.4 0.853
1.685 1.686 0.004 0.004 99.7 21.5 30.6 21.8 21.8 0.846
1.616 1.621 0.004 0.004 99.7 20.4 30.7 22.3 22.3 0.832
1.414 1.397 0.003 0.003 99.5 19.3 30.5 23.5 23.6 0.852
0.757 1.151 0.002 0.003 99.4 17.6 30.7 27.2 25.2 0.956
0.098 0.119 0.000 0.000 99.1 26.9 19.1 18.2 18.1 0.835
0.145 0.159 0.000 0.000 99.2 25.9 19.1 17.9 17.8 0.828
0.203 0.202 0.000 0.000 99.2 24.8 19.0 17.3 17.3 0.811
0.318 0.255 0.001 0.001 99.7 23.4 19.1 16.4 16.9 0.663
0.389 0.270 0.001 0.001 99.8 22.2 19.0 15.6 16.7 0.494
0.118 0.126 0.000 0.000 97.9 26.8 19.0 18.0 18.0 0.778
0.162 0.176 0.000 0.000 97.8 25.9 19.1 17.7 17.6 0.770
0.195 0.214 0.000 0.000 98.0 25.2 19.0 17.4 17.2 0.764
0.242 0.248 0.001 0.001 99.5 23.4 18.9 16.8 16.8 0.727
0.240 0.252 0.001 0.001 99.4 22.9 19.0 17.0 16.9 0.665
0.250 0.247 0.001 0.001 99.6 24.3 19.0 16.9 16.9 0.563
1.613 1.642 0.004 0.004 99.7 22.0 30.5 22.1 21.9 0.877
1.551 1.666 0.003 0.004 99.3 21.1 30.6 22.5 21.7 0.937
1.479 1.548 0.003 0.003 99.5 20.1 30.7 22.9 22.5 0.922
1.304 1.419 0.003 0.003 99.6 19.1 30.6 24.0 23.3 0.945
0.953 1.103 0.002 0.002 99.9 21.0 30.6 26.0 25.2 0.917
1.867 1.884 0.004 0.004 99.4 20.0 30.6 20.5 20.4 0.893
1.887 1.893 0.004 0.004 99.8 19.7 30.6 20.3 20.2 0.875
1.927 1.905 0.004 0.004 99.5 18.8 30.6 20.0 20.2 0.886
1.720 1.782 0.004 0.004 100.0 18.7 30.6 21.4 21.0 0.958
1.529 1.671 0.003 0.004 99.8 17.9 30.6 22.5 21.6 1.003
1.315 1.539 0.003 0.003 99.9 17.3 30.6 24.0 22.6 1.027
1.112 1.458 0.002 0.003 99.7 16.9 30.7 25.3 23.3 1.073
-0.013 0.000 0.000 0.000 32.1 26.1 19.9 20.0 19.9 0.709
-0.005 -0.001 0.000 0.000 32.5 26.5 17.7 17.7 17.7 0.728
-0.006 0.004 0.000 0.000 32.4 27.0 14.8 14.8 14.8 0.702
-0.003 0.002 0.000 0.000 32.5 26.9 12.8 12.8 12.8 0.692
-0.003 0.007 0.000 0.000 32.6 27.9 10.7 10.7 10.6 0.676
1.943 1.888 0.004 0.004 99.9 19.8 30.6 19.7 20.1 0.838
1.982 1.911 0.004 0.004 99.9 19.0 30.6 19.5 20.0 0.839
1.974 1.896 0.004 0.004 100.0 18.3 30.6 19.5 20.1 0.848
1.806 1.848 0.004 0.004 100.0 17.6 30.6 20.8 20.5 0.915
1.779 1.737 0.004 0.004 100.2 17.1 30.6 20.9 21.2 0.908
1.524 1.516 0.003 0.003 100.4 16.7 30.7 22.6 22.6 0.921
1.635 1.651 0.004 0.004 99.9 22.3 30.6 22.0 21.9 0.875
1.627 1.630 0.004 0.004 100.0 21.8 30.5 22.0 22.0 0.876
1.563 1.543 0.003 0.003 99.9 21.1 30.5 22.4 22.6 0.911
1.534 1.459 0.003 0.003 100.3 19.6 30.6 22.5 23.0 0.864
1.232 1.313 0.003 0.003 100.2 19.1 30.5 24.3 23.9 0.974
0.873 1.167 0.002 0.003 100.2 20.6 30.6 26.4 24.8 1.001
0.121 0.139 0.000 0.000 99.9 27.6 19.2 18.1 18.0 0.766
0.166 0.168 0.000 0.000 99.6 26.5 19.1 17.7 17.7 0.760
0.186 0.197 0.000 0.000 99.9 25.6 19.1 17.5 17.4 0.747
0.222 0.230 0.000 0.001 99.6 25.1 19.1 17.3 17.2 0.704
0.187 0.224 0.000 0.000 100.0 25.3 19.1 17.5 17.2 0.654
0.139 0.236 0.000 0.001 99.9 25.2 19.0 17.8 17.0 0.593
1.721 1.592 0.004 0.004 99.9 18.7 30.7 21.6 22.4 0.854
0.191 0.186 0.000 0.000 100.0 25.7 19.0 17.4 17.5 0.656
0.211 0.205 0.000 0.000 99.9 25.1 19.1 17.3 17.4 0.643






























































Rhea_out_o_m Teao  (C) Ten1  (C) Ten2  (C) DPea (Pa) DPen (Pa) Re We (W) We1 (W) We2 (W) Prcpi(kPa) P_ratio eta_idia eta_isen
0.845 22.7 21.6 23.4 -8 213 75493 3206 3086 120 279 7.420 0.924 0.696
0.871 22.0 21.1 23.4 -7 215 76020 3271 3225 45 267 7.584 0.916 0.697
0.856 22.1 21.6 23.0 -8 216 75957 3194 3149 45 287 7.269 0.915 0.693
0.853 22.4 22.2 23.0 -8 219 76357 3215 3170 45 293 7.352 0.920 0.679
0.809 24.8 24.9 24.9 -8 225 77259 2823 2841 -18 429 4.969 0.876 0.780
0.830 24.3 24.3 24.7 -8 226 77501 2855 2873 -18 414 5.158 0.885 0.775
0.846 24.2 24.1 25.1 -8 228 77854 2860 2878 -18 403 5.136 0.889 0.779
0.830 24.5 23.5 27.3 -8 224 77396 2780 2798 -18 365 5.340 0.895 0.763
0.857 24.9 22.9 29.4 -8 231 78628 2783 2737 45 336 5.519 0.876 0.761
0.847 26.2 23.3 32.7 -8 228 77815 2330 2284 45 281 6.162 0.879 0.738
0.827 20.8 21.1 21.3 -8 226 78710 3453 3408 45 500 4.863 0.777 0.751
0.823 20.7 20.8 21.0 -8 225 78685 3472 3427 45 493 4.898 0.787 0.751
0.813 20.5 20.3 21.0 -8 225 78893 3438 3393 45 476 4.993 0.783 0.761
0.688 22.4 20.9 25.1 -8 229 79093 3133 3151 -18 446 5.151 0.749 0.720
0.531 26.3 22.3 31.9 -8 230 78742 2623 2641 -18 406 5.440 0.749 0.686
0.776 21.7 21.7 22.4 -8 221 76946 3395 3276 119 485 4.877 0.789 0.741
0.765 21.4 21.4 22.4 -8 220 76903 3371 3252 120 475 4.945 0.793 0.751
0.757 21.1 20.9 22.5 -8 220 77011 3316 3196 120 465 5.008 0.794 0.759
0.725 20.6 20.2 23.8 -8 222 77832 3259 3138 121 448 5.106 0.775 0.693
0.661 21.7 20.0 27.2 -8 226 78554 3056 2935 121 419 5.451 0.752 0.659
0.565 25.2 21.0 31.5 -8 229 78686 2726 2605 121 397 5.437 0.746 0.675
0.867 23.6 23.2 25.3 -8 224 77046 2859 2738 121 419 4.911 0.905 0.738
0.894 22.7 22.1 25.0 -8 219 76179 2755 2710 45 403 4.971 0.908 0.752
0.897 23.1 22.1 26.4 -8 214 75176 2704 2659 45 370 5.160 0.896 0.755
0.906 23.4 21.3 28.5 -8 220 76500 2586 2540 45 325 5.538 0.895 0.741
0.874 25.4 23.2 31.7 -8 224 76503 2392 2272 120 281 6.061 0.906 0.706
0.886 21.7 21.5 23.1 -8 222 77594 2940 2883 57 309 6.795 0.950 0.643
0.873 21.8 21.3 23.6 -8 222 77613 3002 2945 57 298 6.877 0.947 0.648
0.895 21.0 20.5 23.4 -8 221 77731 3047 2990 57 283 7.119 0.948 0.659
0.933 21.8 20.2 24.0 -8 221 77457 3129 3084 45 266 7.305 0.945 0.666
0.947 21.1 20.0 25.0 -8 218 77083 3029 2984 45 242 7.605 0.940 0.658
0.944 22.0 20.2 26.9 -8 222 77601 2923 2878 45 224 7.891 0.935 0.656
0.949 21.9 21.3 27.0 -8 219 76700 2858 2813 45 211 8.222 0.922 0.654
0.706 25.0 24.6 26.7 -8 227 77214 2944 2823 121 555 3.745 0.705 0.737
0.727 22.3 22.1 23.5 -8 225 77925 3349 3229 120 506 4.347 0.778 0.719
0.699 19.9 19.5 21.4 -8 223 78603 3749 3629 121 450 5.131 0.804 0.740
0.691 17.9 17.4 19.7 -8 223 79288 4033 3913 120 408 5.846 0.824 0.709
0.671 15.9 15.6 18.0 -8 222 79847 4377 4257 120 363 6.878 0.831 0.663
0.859 22.0 21.6 23.6 -8 220 76987 2991 2933 58 304 6.862 0.954 0.637
0.867 21.3 21.0 23.7 -8 220 77236 3029 2971 58 292 7.013 0.954 0.644
0.879 21.0 20.5 23.9 -8 220 77253 3035 2977 58 281 7.050 0.949 0.656
0.898 20.7 20.0 24.5 -8 220 77376 3067 3010 57 266 7.245 0.940 0.665
0.925 21.4 19.6 25.3 -8 218 76703 2935 2878 57 243 7.589 0.942 0.652
0.924 22.3 20.9 26.9 -8 216 75810 2779 2722 57 214 8.035 0.929 0.643
0.869 23.7 23.5 24.9 -8 225 77051 2750 2693 57 426 4.799 0.936 0.720
0.875 23.6 23.2 25.2 -8 227 77606 2754 2697 57 413 4.845 0.929 0.731
0.919 23.2 22.7 25.3 -8 228 77893 2878 2821 57 395 4.984 0.929 0.735
0.890 23.6 22.3 27.5 -8 221 76422 2757 2712 45 360 5.123 0.907 0.731
0.946 24.3 22.4 27.2 -8 223 76703 2569 2525 45 322 5.432 0.910 0.715
0.911 25.7 23.7 29.1 -8 226 76694 2366 2321 45 290 5.773 0.902 0.693
0.760 22.2 22.0 22.9 -8 220 76831 3239 3119 120 482 4.881 0.796 0.733
0.761 21.7 21.6 22.7 -8 220 76954 3337 3217 120 477 4.866 0.807 0.733
0.743 21.5 21.3 23.1 -8 220 77065 3375 3256 119 470 4.918 0.799 0.707
0.702 21.7 20.9 24.9 -8 223 77674 3185 3065 120 454 4.952 0.786 0.701
0.642 23.0 21.3 27.5 -8 224 77890 3025 2905 120 431 5.115 0.760 0.680
0.563 25.9 21.5 31.4 -8 226 78154 2720 2600 120 398 5.375 0.728 0.659
0.900 23.1 21.3 27.1 -8 224 77525 2787 2667 120 286 7.200 0.872 0.708
0.659 22.9 21.6 26.9 -8 224 77525 3018 2897 121 462 5.029 0.812 0.679
0.647 23.1 21.5 27.6 -8 225 77749 2954 2833 121 455 5.071 0.817 0.653






























































eta_m eta_v Trcpi  (C) Trcpo  (C) Fc (in-lbf) Tcc  (C) ENN Verdate Xoil (CycTime) Time of one cycle (s) (ON %) ratio of on time to CycTime
0.643 0.930 34.9 126.9 103 24.49 2 52299 0.01
0.639 0.915 41.2 134.1 99 23.36 2 52299 0.01
0.634 0.921 31.2 122.4 105 23.72 2 52299 0.01
0.624 0.919 22.3 115.1 108 24.73 2 52299 0.01
0.683 0.928 22.5 93.3 115 24.8 2 52299 0.01
0.685 0.929 30.3 102.4 114 25.03 2 52299 0.01
0.693 0.926 40.6 111.8 109 25.88 2 52299 0.01
0.683 0.909 49.5 122.8 102 26.26 2 52299 0.01
0.666 0.882 51.2 125.7 96 27.06 2 52299 0.01
0.649 0.878 51.9 132.1 88 27.89 2 52299 0.01
0.583 0.794 26.0 98.8 131 26.94 2 52299 0.01
0.591 0.796 35.5 108.0 129 26.96 2 52299 0.01
0.596 0.803 47.1 119.5 127 27.12 2 52299 0.01
0.539 0.743 57.3 133.4 125 27.73 2 52299 0.01
0.513 0.711 59.7 140.5 119 28.31 2 52299 0.01
0.585 0.786 24.0 97.1 125 24.16 2 52299 0.01
0.596 0.790 34.2 106.9 124 24.67 2 52299 0.01
0.602 0.792 44.4 116.8 122 24.35 2 52299 0.01
0.537 0.740 53.8 131.2 125 23.95 2 52299 0.01
0.495 0.688 55.9 139.1 123 20.9 2 52299 0.01
0.503 0.692 61.1 142.7 116 24.04 2 52299 0.01
0.668 0.903 24.2 96.1 111 25.88 2 52299 0.01
0.683 0.905 36.9 108.1 106 21.92 2 52299 0.01
0.676 0.887 46.3 118.6 100 23.92 2 52299 0.01
0.663 0.880 52.0 127.8 93 22.8 2 52299 0.01
0.640 0.877 51.9 134.0 88 24.38 2 52299 0.01
0.611 0.907 11.3 103.0 109 23.92 2 52299 0.01
0.613 0.896 20.5 112.7 105 26.39 2 52299 0.01
0.624 0.908 27.5 120.4 102 24.64 2 52299 0.01
0.630 0.905 37.8 131.7 97 26.31 2 52299 0.01
0.618 0.898 46.5 143.5 91 25.62 2 52299 0.01
0.613 0.891 50.4 149.5 86 26.4 2 52299 0.01
0.603 0.879 50.6 151.7 83 25.29 2 52299 0.01
0.519 0.651 55.7 116.4 113 26.47 2 52299 0.01
0.559 0.743 45.1 113.5 122 26.77 2 52299 0.01
0.594 0.787 41.7 116.1 120 27.58 2 52299 0.01
0.584 0.802 39.3 121.4 123 27.03 2 52299 0.01
0.551 0.812 37.2 130.2 129 27.45 2 52299 0.01
0.608 0.899 13.4 106.1 108 25.72 2 52299 0.01
0.614 0.899 20.7 114.1 105 25.96 2 52299 0.01
0.622 0.900 30.0 122.8 101 25.13 2 52299 0.01
0.625 0.900 37.8 131.3 96 25.15 2 52299 0.01
0.615 0.897 44.5 141.7 92 24.52 2 52299 0.01
0.598 0.875 50.1 151.3 84 24.7 2 52299 0.01
0.674 0.909 22.4 94.3 111 26.38 2 52299 0.01
0.679 0.901 31.7 103.1 107 26.56 2 52299 0.01
0.682 0.900 38.3 110.4 104 26.7 2 52299 0.01
0.663 0.869 46.7 119.9 97 24 2 52299 0.01
0.651 0.867 50.7 127.4 92 28.83 2 52299 0.01
0.624 0.854 50.7 131.7 88 28.73 2 52299 0.01
0.583 0.778 25.8 99.2 124 26.27 2 52299 0.01
0.591 0.780 36.4 109.2 122 25.69 2 52299 0.01
0.565 0.765 45.2 119.9 125 28.31 2 52299 0.01
0.551 0.737 55.9 131.3 121 25.53 2 52299 0.01
0.517 0.695 59.3 137.8 118 28.48 2 52299 0.01
0.480 0.655 60.4 142.8 115 28.02 2 52299 0.01
0.618 0.932 11.9 100.9 107 25.5 2 52299 0.01
0.551 0.744 23.0 100.5 123 24.41 2 52299 0.01
0.533 0.740 29.0 108.4 125 23.24 2 52299 0.01






























































h_compout (kJ/kg) hci (kJ/kg) hco (kJ/kg) hei (kJ/kg) heo (kJ/kg) h_exit (kJ/kg) h_exit_o_m (kJ/kg) h_compin (kJ/kg) Vc (rpm) Tcai  (C)
350.2 348.7 141.3 97.57 66.72 224.7 223.9 278.5 4102 43.6
359 357.1 138.5 103.8 64.97 242.9 241.4 284.4 4103 43.7
344.7 343 143.6 97.05 67.68 218 218.8 274.9 4104 43.7
335.3 333.9 141.5 93.25 68.59 206.8 207.4 266.8 4107 43.7
308.7 307.6 146.9 97.38 256.8 203.9 209.4 263.6 2457 43.6
320.2 319.3 142.1 97.4 256.3 215.5 218.4 271.4 2456 43.6
332.5 331.7 143 102.8 255.9 231.1 231.2 281.3 2458 43.6
346.7 346 140.1 114.4 262.1 259.9 260.1 290.4 2459 43.5
351 349.8 138.8 116.4 267.2 268.5 267.5 292.5 2459 43.6
359.5 357.9 134.4 116.7 274.4 238.9 268.8 294 2459 43.7
310.9 309.5 159.8 97.01 257 202.8 204.3 265.2 1294 60.0
323.2 321.7 159.3 98.19 256.7 214.9 216.1 274.6 1294 60.0
337.9 336.2 158.1 103.4 256.2 233.9 233.9 286.2 1294 60.0
355.4 353.6 156.5 120.4 256.8 278 271.4 296.5 1294 59.9
364.6 362.2 153.7 124.3 269.3 292.6 277.9 299.3 1294 59.9
309.7 308.5 159.5 95.09 256.6 204.3 204.9 263.7 1294 59.8
322.7 321.3 158.9 96.48 256.3 216.3 217.5 273.8 1295 59.8
335.3 333.6 158 100.2 255.9 229.6 231.3 283.7 1294 60.0
353 350.9 151.6 114.6 254.9 267.3 268 293.1 1294 60.2
362.3 359.1 143.3 120.5 266.3 288.3 289.8 295.5 1294 60.0
367.7 364.7 152.6 127.2 274.1 292.1 291.7 300.8 1294 59.4
313.5 312.2 143.4 94.67 256.3 208.7 209.9 265.5 2456 42.9
328.9 326.9 143.9 99.22 255.2 220.3 225.7 277.8 2459 43.6
342.3 340.4 140.8 108.3 253.6 244.3 248.1 287.3 2458 43.0
354 351.9 137.3 118.6 268.9 264.9 272.3 293.4 2459 43.8
361.9 360.2 133.5 118 276.4 256.6 268 294 2458 43.5
321.4 319.2 145.5 92.42 69.56 191.3 191.9 256.3 4108 43.1
333.7 332.2 144.5 91.71 254.3 202.1 202.4 265 4109 42.7
343.2 341.1 141.1 92.13 65.51 213.1 212.2 271.6 4110 42.8
356.9 355.3 138.6 97.13 252.4 224.4 227.1 281.4 4111 42.8
371.4 369.3 136.8 109.9 250.9 244.8 252 289.7 4110 42.8
378.8 376.7 135.9 116.1 269.2 251.4 264 293.6 4110 42.8
381.5 379.2 133.6 116.1 272.3 248.5 269.5 294 4112 42.9
337.7 335.5 149.6 118.2 258.7 280.6 282.4 293 818 60.1
332.8 331.1 153.9 99.98 256.9 238 238.4 283.6 1028 60.1
334.6 333 157.2 96.62 255.2 227.5 228.4 281.4 1288 59.8
340.1 338.7 160.1 94.92 254.1 218.5 218.9 280 1590 59.9
349.6 348.5 163.8 92.72 252.8 211.6 212.3 278.9 2001 59.6
325.4 323.7 144.9 90.91 254.6 196.9 195 258.4 4109 43.0
335.4 333.9 142.3 90.08 253.9 206.6 203.9 265.3 4110 43.0
346.3 344.9 142.1 92.52 253.2 218.4 215.3 273.9 4108 43.1
356.7 355 139.7 96.95 252.2 228 229.9 281.3 4111 42.9
369.3 367.2 135.8 107 250.6 251.6 249.5 287.8 4108 43.1
381.2 378.9 133.6 115.7 271.6 269.3 268.8 293.4 4111 43.0
311.5 310.2 144.5 94.34 256.6 203.5 204.2 263.6 2458 43.1
322.9 321.7 143.7 95.81 256 214.8 214.9 272.7 2459 43.1
332.1 330.9 139.9 98.16 255.1 226.4 225.4 279.3 2459 43.1
344.5 343.1 137.9 109.8 253.5 257.8 253.5 287.8 2451 43.1
354 352.6 135.1 116.8 270.1 261.2 266.6 292.2 2455 43.1
359.6 358.3 132.6 116.7 275.8 247.8 269.8 292.8 2455 43.0
312.7 311.4 158.2 94.51 256.5 201.8 203.3 265.5 1294 59.9
326 324.2 157.3 96.44 256 217.5 217.7 275.8 1294 59.8
339.2 337.8 156.9 100.1 255.9 233.9 235 284.4 1294 59.8
353.5 351.1 154.5 118.8 255.1 265.6 266.3 294.9 1294 60.1
361.5 359.6 153.5 125.6 266.4 281.1 285.5 298.6 1294 59.8
368 365.3 151.6 126.9 275.4 284.2 297.4 300.2 1294 59.8
319.4 316.2 142.2 143.1 257.5 241.1 236.5 257.5 4102 43.6
314.9 312.9 155.7 156.4 255.3 271.5 271.1 263.3 1295 60.0
325.2 323 155.1 155.7 256.7 276.8 276.3 269.3 1295 60.0






























































AFR_scfm_Cond(scfm) Teai (C) AFR_scfm_Evap(scfm) AFR_scfm_Evap_o_m (scfm) Rhea_in DP_suction line(kPa)
1252.0 43.5 245.3 245.3 0.497 188.1
1252.0 43.6 246.8 246.8 0.493 182.6
1253.0 43.7 247.3 247.3 0.494 194
1250.0 43.6 248.6 248.6 0.494 197.3
948.6 43.6 248.6 248.5 0.494 124
949.8 43.6 249.2 249.1 0.493 118.5
951.6 43.6 250.4 250.4 0.493 113
954.4 43.5 248.5 248.5 0.497 100.3
948.9 43.6 252.2 252.2 0.489 88
948.8 43.2 249.9 249.6 0.507 68.4
801.2 43.2 250.6 250.6 0.253 31.8
800.5 43.2 250.3 250.2 0.253 29.4
800.8 43.2 250.3 250.3 0.252 27.5
806.6 43.1 251.8 251.9 0.255 22.3
801.0 43.0 250.7 250.8 0.253 16.6
798.4 43.1 249.7 249.7 0.253 26.3
798.4 43.1 249.1 249.1 0.254 24.8
798.6 43.2 248.8 248.8 0.252 23.1
802.0 43.3 250.1 250.1 0.249 17.9
801.4 43.3 251.6 251.6 0.251 14.6
800.8 42.8 252.1 252.1 0.256 13
949.4 43.1 250.4 250.4 0.505 102.5
955.1 43.2 249.2 249.1 0.504 94.1
954.4 42.8 245.8 245.8 0.515 83.5
957.1 43.4 249.3 249.2 0.498 70.3
952.9 43.7 249.8 249.6 0.490 54.2
1250.0 43.2 248.6 248.6 0.503 183.6
1249.0 42.9 248.7 248.7 0.510 172
1251.0 43.0 248.7 248.7 0.508 165.1
1252.0 43.6 249.2 249.1 0.493 151.8
1250.0 43.6 247.5 247.4 0.492 137.6
1250.0 43.6 249.2 248.9 0.493 122.8
1244.0 43.6 247.4 247.1 0.495 114.2
797.2 43.8 250.5 250.5 0.258 2.5
796.8 43.8 250.6 250.6 0.224 10.5
795.9 43.6 250.3 250.3 0.188 21
802.4 43.8 250.4 250.4 0.164 31
801.8 43.5 250.5 250.5 0.145 46.6
1249.0 43.0 248.3 248.4 0.507 176.5
1250.0 43.1 248.7 248.7 0.507 167.1
1248.0 43.1 248.3 248.4 0.505 158.2
1250.0 43.1 248.9 248.8 0.507 149.7
1249.0 43.2 248.8 248.8 0.505 134.2
1249.0 43.1 248.1 248.1 0.506 110.8
950.8 43.1 250.5 250.5 0.504 99.4
951.4 43.1 252.0 252.0 0.502 92.8
951.4 43.1 252.6 252.6 0.502 85.5
951.4 43.2 249.8 249.8 0.503 73.3
949.9 43.1 250.7 250.6 0.503 62.1
950.6 43.1 251.9 251.6 0.505 51.7
801.2 43.6 248.7 248.7 0.248 34.2
800.9 43.6 248.6 248.6 0.249 22.2
799.1 43.6 248.2 248.2 0.247 18.9
802.0 43.9 249.7 249.7 0.245 15.7
798.5 43.5 249.8 249.8 0.248 13.8
798.6 43.6 250.2 250.1 0.247 11.3
1261.0 42.9 250.7 250.8 0.513 130.1
812.1 43.1 249.7 249.7 0.253 15
799.5 43.1 250.3 250.3 0.254 12.8
799.2 43.2 250.9 250.9 0.252 10.1
214
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D.2 Steady state data from tests with compressor cycling 
 
A$ - Filename COP COP_o_m W_comp (kW) QEvap_mean (kW) QEvap_mean_o_m (kW)
1 m990327H10_Baseline 1.49 1.97 2.929 2.980
2 m990413M11_BaselineII 1.79 1.62 2.927 2.951
3 m990415H16_BaselineII 1.44 0.59 0.835 0.855
4 m990415I24_BaselineII 1.76 0.57 0.964 0.962
5 m990415M24_BaselineII 2.02 0.45 0.879 0.879
6 m990428M11_new_suction_accum 1.77 1.84 3.259 3.271
7 m990503H10_new_suction_accum 1.45 2.03 2.965 3.024
8 m990505I24_new_suction_accum 1.76 0.57 0.961 0.919
9 m990506H16_new_suction_accum 1.69 0.53 0.824 0.783
10 m990506M24_new_suction_accum 2.24 0.43 0.874 0.826
11 m990526_m11_scroll 1.83 1.68 3.137 3.167
12 m990603_M11_scroll 1.89 1.49 2.952 3.011
13 m990604_I24_scroll 2.13 0.45 0.930 0.951
14 m990604_M24_scroll 2.45 0.33 0.798 0.814
15 m990605_H10_scroll 1.53 1.82 2.771 2.865
16 m990605_H16_scroll 1.89 0.43 0.783 0.784
17 m990617_H10_cond_scroll 3.34 3.46 0.81 2.689 2.782
18 m990617_H16_cond_scroll 11.21 11.44 0.07 0.763 0.779
19 m990617_M11_cond_scroll 2.88 2.94 1.03 2.967 3.031
20 m990618_M24_cond_scroll 19.99 19.91 0.04 0.791 0.787
21 m990618_I24_cond_scroll 4.88 4.83 0.18 0.871 0.863
22 m990622_M11_cond_scroll2 2.06 1.42 2.948 2.999
23 m990621_M24_cond_scroll2 2.90 0.28 0.786 0.772
24 m990621_I24_cond_scroll2 2.24 0.38 0.827 0.825
25 m990705_H16_cond_scroll 2.97 0.28 0.815 0.840
26 m990706_M24_cond_scroll 13.21 13.13 0.06 0.833 0.828
27 m990706_I24_cond_scroll 2.90 2.90 0.35 1.012 1.010
28 m990707_H10_cond_scroll 3.54 3.64 0.82 2.902 2.985
29 m990707_M11_cond_scroll 2.87 2.93 1.07 3.081 3.147
30 m990804_H10_conscroll_TXV_F 2.99 0.58 -33.130 1.732
31 m990805_H16_conscroll_TXV 4.52 0.12 -19.100 0.516
32 m990805_I24_conscroll_TXV 3.36 0.13 -5.372 0.423
33 m990816_I24_1300_SHsweep1_conscroll_manual 2.02 0.38 0.765 0.787
34 m990816_I24_1300_SHsweep2_conscroll_manual 2.62 0.29 0.749 0.761
35 m990817_H16_4105_10valve_conscroll_manual 1.11 0.74 0.742 0.759
36 m990817_H16_4105_12valve_conscroll_manual 1.02 0.81 0.754 0.768
37 m990817_H16_4105_1valve_conscroll_manual 2.74 0.28 0.699 0.705
39 m990820_M11_conscroll_TXV.xls 2.83 0.86 2.410 2.460
40 m990818_I24_1300_0_5valve_conscroll_manual 3.83 0.24 0.810 0.831
41 m990818_I24_1300_0valve_conscroll_manual 5.95 0.05 0.247 0.304
42 m990818_I24_1300_1valve_conscroll_manual 2.62 0.34 0.812 0.841
43 m990820_M11_2valve_conscroll_manual 3.31 0.73 2.252 2.378
44 m990820_M11_3_5valve_conscroll_manual 2.90 0.92 2.707 2.644
45 m990820_M11_3_7valve_conscroll_manual 2.73 0.98 2.774 2.701
46 m990826_M24_2valve_conscroll_manual 2.44 0.34 0.788 0.811
47 m990826_M24_2463_3valve_conscroll_manual 2.08 0.38 0.774 0.791
48 m990831_M24_1valve_conscroll_manual 3.69 0.26 0.883 0.891
49 m990907_M24_1valve_conscroll_manual 3.19 0.23 0.706 0.709
50 m990831_H10_conscroll_erms 1.66 1.96 3.149 3.213
51 m990902_H16_conscroll_erms 2.01 0.45 0.861 0.867
52 m990902_I24_conscroll_erms 2.66 0.34 0.829 0.833
53 m990902_M24_conscroll_erms 2.86 0.32 0.855 0.865
54 m990910_M11_conscroll_erms 2.27 1.24 2.883 2.842
55 m991014_I24_35degSH_CS_SLHX_manual 4.21 0.17 0.656 0.662
56 m991014_I24_5degSH_CS_SLHX_manual 3.09 0.26 0.757 0.767
57 m991015_I24_15degSH_CS_SLHX_manual 3.34 0.21 0.652 0.667
58 m991015_H16_15degSH_CS_SLHX_manual 2.32 0.25 0.522 0.531
59 m991017_H16_5degSH_CS_SLHX_manual 1.39 0.29 0.464 0.481
60 m991015_M24_20degSH_CS_SLHX_manual 3.24 0.17 0.521 0.525
61 m991015_M24_5degSH_CS_SLHX_manual 2.88 0.23 0.615 0.624
62 m991021_H10_13degSH_CS_SLHX_manual 1.69 1.71 2.848 2.905
63 m991021_H10_28degSH_CS_SLHX_manual 1.74 1.64 2.875 2.831

































































Q_latent (kW) Q_latent_o_m (kW) Q_sensible (kW) Q_Evap (kW) Q_Evap_o_m (kW) Qevap_air (kW) Qevap_air_o_m (kW) Qeag (kW)
1.174 1.226 1.754 2.950 3.003 2.907 2.958 2.875
1.254 1.278 1.672 2.915 2.940 2.939 2.962 2.918
-0.034 -0.015 0.870 0.868 0.887 0.803 0.822 0.812
-0.050 -0.052 1.014 1.014 1.012 0.914 0.913 0.896
-0.043 -0.044 0.923 0.922 0.922 0.836 0.836 0.838
1.405 1.417 1.853 3.250 3.263 3.267 3.279 3.236
1.260 1.318 1.705 2.956 3.016 2.974 3.031 2.951
0.047 0.006 0.914 0.962 0.920 0.961 0.919 0.951
0.036 -0.005 0.787 0.839 0.798 0.808 0.767 0.817
0.021 -0.027 0.853 0.904 0.855 0.844 0.796 0.858
1.395 1.426 1.742 3.084 3.115 3.190 3.219 3.202
1.258 1.317 1.694 2.939 3.000 2.965 3.022 2.992
-0.031 -0.010 0.962 0.964 0.986 0.896 0.917 0.920
-0.040 -0.024 0.838 0.834 0.851 0.761 0.777 0.789
1.127 1.221 1.644 2.787 2.884 2.754 2.846 2.803
-0.031 -0.030 0.814 0.813 0.813 0.754 0.754 0.777
1.122 1.215 1.567 2.656 2.751 2.722 2.812 2.781
0.017 0.033 0.746 0.752 0.768 0.775 0.790 0.768
1.251 1.316 1.716 2.961 3.028 2.972 3.035 3.036
-0.008 -0.011 0.799 0.801 0.798 0.780 0.777 0.765
-0.008 -0.016 0.879 0.886 0.878 0.857 0.848 0.827
1.260 1.311 1.688 2.924 2.977 2.971 3.021 3.004
-0.032 -0.045 0.818 0.822 0.808 0.750 0.737 0.798
-0.025 -0.026 0.852 0.854 0.852 0.800 0.799 0.854
-0.012 0.014 0.827 0.826 0.852 0.804 0.829 0.798
-0.029 -0.034 0.862 0.865 0.860 0.800 0.796 0.848
-0.025 -0.027 1.037 1.045 1.043 0.980 0.978 1.039
1.296 1.379 1.606 2.858 2.943 2.946 3.027 3.037
1.346 1.412 1.735 3.045 3.112 3.118 3.182 3.214
-34.290 0.569 1.163 -34.100 1.729 -32.150 1.734 -32.140
-19.610 0.008 0.508 -19.160 0.526 -19.030 0.505 -19.010
-5.824 -0.030 0.452 -5.361 0.453 -5.382 0.392 -5.353
0.009 0.031 0.756 0.750 0.772 0.779 0.801 0.810
0.000 0.012 0.749 0.738 0.750 0.759 0.771 0.793
-0.070 -0.052 0.811 0.803 0.820 0.681 0.698 0.705
-0.070 -0.055 0.823 0.814 0.828 0.693 0.708 0.724
-0.066 -0.060 0.765 0.755 0.762 0.642 0.648 0.668
1.034 1.084 1.376 2.368 2.420 2.451 2.500 2.482
-0.076 -0.055 0.886 0.879 0.901 0.740 0.761 0.775
-0.031 0.027 0.277 0.268 0.325 0.226 0.283 0.243
-0.062 -0.033 0.874 0.866 0.895 0.758 0.786 0.790
0.832 0.958 1.420 2.268 2.398 2.236 2.358 2.283
1.144 1.081 1.563 2.719 2.654 2.695 2.634 2.690
1.229 1.156 1.545 2.758 2.683 2.790 2.719 2.789
-0.034 -0.011 0.822 0.816 0.839 0.760 0.783 0.771
-0.007 0.011 0.780 0.774 0.792 0.773 0.791 0.783
-0.072 -0.064 0.955 0.951 0.959 0.815 0.823 0.855
-0.017 -0.013 0.723 0.719 0.723 0.692 0.696 0.727
1.322 1.387 1.826 3.176 3.242 3.122 3.184 3.138
-0.046 -0.040 0.907 0.904 0.910 0.818 0.825 0.860
-0.060 -0.056 0.889 0.887 0.890 0.772 0.775 0.830
-0.059 -0.049 0.914 0.905 0.916 0.805 0.815 1.707
1.303 1.262 1.580 2.854 2.812 2.912 2.872 2.898
-0.049 -0.043 0.705 0.699 0.705 0.613 0.619 0.655
-0.056 -0.045 0.812 0.804 0.815 0.709 0.719 0.746
-0.077 -0.062 0.729 0.712 0.727 0.591 0.606 1.289
-0.060 -0.051 0.582 0.577 0.586 0.468 0.477 0.533
0.045 0.062 0.419 0.392 0.408 0.537 0.553 0.598
-0.046 -0.042 0.567 0.560 0.564 0.481 0.485 0.541
-0.054 -0.045 0.669 0.662 0.671 0.568 0.577 0.640
1.240 1.297 1.608 2.840 2.900 2.855 2.911 2.869
1.229 1.185 1.646 2.905 2.859 2.845 2.802 2.871

































































Qeag_o_m (kW) Qer (kW) Qer_Refprop (kW) Qetr (kW) ErrEvap_tot ErrEvap_tot_o_m ErrEvap_a ErrEvap_a_o_m ErrEvap_r
2.925 3.318 3.344 0.011 -0.725 -0.764 0.725 0.764 -14.180
2.941 3.981 4.012 0.008 0.411 0.383 -0.411 -0.383 -37.080
0.832 -0.148 -0.149 -0.021 -3.897 -3.821 3.897 3.821 117.900
0.894 0.442 0.445 -0.021 -5.178 -5.184 5.178 5.184 53.800
0.838 0.767 0.772 -0.021 -4.871 -4.873 4.871 4.873 12.190
3.247 4.192 4.220 0.012 0.252 0.239 -0.252 -0.239 -29.510
3.008 3.826 3.852 0.004 0.314 0.251 -0.314 -0.251 -29.920
0.909 0.652 0.656 -0.024 -0.055 -0.028 0.055 0.028 31.780
0.777 0.166 0.167 -0.027 -1.910 -1.981 1.910 1.981 79.760
0.810 0.906 0.912 -0.023 -3.426 -3.595 3.426 3.595 -4.290
3.231 3.551 3.575 0.005 1.691 1.646 -1.691 -1.646 -13.950
3.049 3.919 3.946 0.005 0.438 0.372 -0.438 -0.372 -33.660
0.941 0.837 0.842 -0.023 -3.679 -3.611 3.679 3.611 9.461
0.805 0.427 0.430 -0.023 -4.623 -4.543 4.623 4.543 46.130
2.894 3.745 3.770 0.000 -0.588 -0.664 0.588 0.664 -36.070
0.778 0.463 0.466 -0.027 -3.784 -3.782 3.784 3.782 40.490
2.871 3.648 3.672 0.008 1.226 1.088 -1.226 -1.088 -36.550
0.783 -0.028 -0.029 -0.020 1.463 1.420 -1.463 -1.420 103.800
3.099 3.872 3.898 0.010 0.191 0.123 -0.191 -0.123 -31.390
0.762 -0.024 -0.025 -0.022 -1.374 -1.378 1.374 1.378 103.200
0.818 -0.123 -0.128 -0.027 -1.685 -1.695 1.685 1.695 114.600
3.053 3.888 3.913 0.011 0.800 0.736 -0.800 -0.736 -32.750
0.784 0.663 0.667 -0.021 -4.537 -4.609 4.537 4.609 15.100
0.852 1.307 1.314 -0.017 -3.214 -3.220 3.214 3.220 -58.930
0.823 1.071 1.077 -0.033 -1.384 -1.361 1.384 1.361 -32.230
0.843 0.302 0.303 -0.033 -3.856 -3.875 3.856 3.875 63.560
1.037 -0.050 -0.051 -0.034 -3.183 -3.188 3.183 3.188 105.100
3.118 3.778 3.802 0.000 1.527 1.403 -1.527 -1.403 -31.020
3.278 3.788 3.812 0.000 1.197 1.110 -1.197 -1.110 -23.700
1.745 2.770 2.785 0.011 -2.946 0.121 2.946 -0.121 108.400
0.525 1.739 1.749 -0.018 -0.347 -2.098 0.347 2.098 109.200
0.420 0.617 0.620 -0.020 0.194 -7.257 -0.194 7.257 111.500
0.832 2.142 2.155 -0.036 1.906 1.838 -1.906 -1.838 -181.800
0.804 1.549 1.558 -0.033 1.431 1.400 -1.431 -1.400 -108.200
0.723 0.885 0.890 -0.029 -8.231 -8.050 8.231 8.050 -20.030
0.738 -0.384 -0.386 -0.029 -7.977 -7.838 7.977 7.838 151.300
0.674 2.480 2.495 -0.029 -8.121 -8.054 8.121 8.054 -257.100
2.530 3.075 3.092 0.007 1.720 1.626 -1.720 -1.626 -28.280
0.796 1.256 1.264 -0.027 -8.581 -8.375 8.581 8.375 -56.150
0.300 0.262 0.263 -0.026 -8.488 -6.938 8.488 6.938 -6.791
0.819 1.821 1.832 -0.027 -6.672 -6.463 6.672 6.463 -125.700
2.405 2.626 2.638 0.009 -0.729 -0.841 0.729 0.841 -17.160
2.629 2.981 2.996 0.006 -0.431 -0.374 0.431 0.374 -10.690
2.719 3.124 3.142 0.006 0.573 0.665 -0.573 -0.665 -13.280
0.794 2.476 2.490 -0.018 -3.529 -3.444 3.529 3.444 -216.100
0.801 1.441 1.449 -0.015 -0.064 -0.073 0.064 0.073 -87.350
0.864 1.570 1.579 -0.016 -7.688 -7.621 7.688 7.621 -78.860
0.730 1.510 1.519 -0.019 -1.911 -1.905 1.911 1.905 -115.200
3.200 -0.377 -0.391 0.016 -0.856 -0.897 0.856 0.897 112.400
0.866 -0.099 -0.103 -0.020 -4.962 -4.931 4.962 4.931 112.000
0.834 -0.925 -0.931 -0.028 -6.938 -6.909 6.938 6.909 212.300
1.717 -0.133 1.872 -0.027 -5.878 -5.813 5.878 5.813 -118.900
2.859 3.540 3.560 0.011 1.009 1.064 -1.009 -1.064 -23.480
0.662 0.691 0.695 -0.013 -6.610 -6.555 6.610 6.555 -6.022
0.756 1.268 1.277 -0.013 -6.302 -6.227 6.302 6.227 -68.770
1.304 0.969 0.976 -0.012 -9.318 -9.116 9.318 9.116 -49.740
0.542 0.758 0.763 -0.020 -10.430 -10.260 10.430 10.260 -46.050
0.615 -0.010 -0.010 -0.015 15.650 15.100 -15.650 -15.100 102.200
0.545 0.716 0.721 -0.016 -7.574 -7.522 7.574 7.522 -38.460
0.649 1.000 1.006 -0.016 -7.623 -7.517 7.623 7.517 -63.690
2.925 2.646 2.667 0.017 0.260 0.197 -0.260 -0.197 6.356
2.828 2.431 2.449 0.017 -1.047 -1.019 1.047 1.019 14.790

































































ErrEvap_r_o_m QCond_mean (kW) Q_Cond1 (kW) Qca (kW) Qcr (kW) Qcr_Refprop (kW) Qctr (kW)
-12.200 5.046 -5.270 4.823 4.497 4.516 0.039
-35.960 4.592 -4.753 4.431 5.089 5.123 0.065
117.500 1.590 -1.744 1.437 -0.171 -0.172 -0.020
53.740 1.639 -1.660 1.618 0.509 0.513 0.061
12.160 1.570 -1.719 1.420 0.859 0.865 -0.019
-29.020 4.983 -5.427 4.539 5.484 5.515 0.059
-27.400 5.064 -5.381 4.747 5.261 5.280 0.054
28.690 1.584 -1.770 1.398 0.751 0.757 0.050
78.700 1.348 -1.583 1.114 0.016 0.016 -0.028
-10.420 1.390 -1.612 1.168 0.035 0.034 -0.025
-12.860 5.073 -5.402 4.745 4.595 4.623 0.050
-31.060 4.866 -5.121 4.612 5.074 5.102 0.055
11.480 1.686 -1.725 1.647 0.956 0.963 0.057
47.200 1.463 -1.636 1.290 0.018 0.469 -0.023
-31.610 4.927 -5.161 4.692 5.035 5.054 0.054
40.540 1.540 -1.743 1.336 0.030 0.030 -0.026
-31.990 4.683 -4.926 4.440 4.726 4.747 0.064
103.800 1.642 -1.654 1.629 0.021 0.021 -0.014
-28.580 4.995 -5.045 4.945 4.767 4.799 0.062
103.200 1.496 -1.425 1.567 0.009 0.009 -0.012
114.800 1.550 -1.479 1.621 0.016 0.016 0.067
-30.490 4.885 -4.951 4.818 4.776 4.808 0.064
13.610 1.650 -1.560 1.741 0.013 0.013 -0.015
-59.250 1.686 -1.564 1.808 0.019 0.018 0.062
-28.210 1.162 -1.547 0.777 0.020 0.019 -0.036
63.360 1.461 -1.554 1.367 0.004 0.003 -0.032
105.100 1.708 -1.853 1.564 0.448 0.452 0.045
-27.370 4.137 -4.772 3.501 4.600 4.630 0.043
-21.130 4.300 -4.767 3.834 4.551 4.586 0.044
-60.820 2.650 -2.867 2.433 3.425 3.439 0.067
-239.200 0.605 -1.204 0.006 2.010 2.019 -0.029
-46.780 0.337 -0.747 -0.073 0.684 0.689 0.053
-174.000 1.079 -1.369 0.789 2.389 2.408 -0.003
-104.900 1.138 -1.238 1.038 1.740 1.754 0.003
-17.220 1.639 -1.974 1.305 0.947 0.955 -0.019
150.300 1.599 -2.057 1.141 -0.411 -0.414 -0.020
-253.900 1.184 -1.414 0.954 2.665 2.685 -0.021
-25.700 3.418 -3.863 2.974 3.788 3.808 0.014
-52.140 -0.251 -1.237 -1.740 1.406 1.417 0.015
13.390 0.643 -0.469 0.818 0.270 0.272 0.015
-118.000 1.578 -1.422 1.735 2.043 2.060 0.015
-10.970 3.425 -3.618 3.231 3.304 3.314 0.023
-13.320 3.840 -4.114 3.566 3.814 3.827 0.032
-16.310 3.990 -4.293 3.687 3.976 3.993 0.034
-207.200 1.227 -1.611 0.843 2.668 2.688 -0.010
-83.180 1.423 -1.785 1.061 1.545 1.557 -0.006
-77.180 1.019 -1.665 0.373 1.704 1.716 -0.008
-114.200 1.099 -1.516 0.681 1.607 1.619 -0.016
112.200 5.248 -5.586 4.910 3.879 3.886 0.019
111.900 1.514 -2.054 0.974 1.536 1.545 -0.010
211.700 1.198 -1.455 0.942 -0.020 -0.020 0.012
-116.300 1.323 -1.667 0.978 2.046 2.060 -0.010
-25.250 4.259 -4.589 3.929 4.479 4.501 0.029
-5.035 0.655 -0.889 0.422 0.776 0.779 0.026
-66.480 0.931 -1.205 0.656 1.226 1.235 0.025
-46.380 0.879 -0.960 0.798 0.977 0.982 0.030
-43.550 0.781 -1.148 0.414 0.871 0.874 0.007
102.100 5.195 -10.090 0.298 0.217 0.218 -0.006
-37.440 0.845 -1.054 0.636 0.793 0.797 0.009
-61.280 0.963 -1.197 0.730 1.033 1.039 0.001
8.210 4.593 -4.946 4.241 3.177 3.180 0.032
13.460 4.551 -4.827 4.275 3.089 3.091 0.033

































































Q_glycol (kW) ErrCond_tot ErrCond_a ErrCond_r Denr mr (g/s) mrc (g/s) Pcri (kPa) Pcro(kPa) DPcr(kPa) Tcri  (C)
10.610 -4.432 4.432 10.510 1.078 26.31 1324 1235 89.3 75.99
8.445 -3.509 3.509 -11.560 1.134 err err 1382 1316 66.4 65.16
5.196 -9.660 9.660 110.800 0.053 err err 763 707 56.5 41.57
5.581 -1.277 1.277 68.680 0.203 err err 1058 1024 34.0 43.77
5.365 -9.505 9.505 44.910 0.264 err err 770 721 48.9 36.01
9.455 -8.904 8.904 -10.690 1.056 err err 1335 1252 82.9 65.21
9.944 -6.256 6.256 -4.264 1.125 err err 1286 1184 103.0 75.42
6.015 -11.750 11.750 52.230 0.315 err err 976 946 30.1 43.23
5.742 -17.360 17.360 98.810 0.200 err err 695 635 59.8 40.88
5.472 -15.970 15.970 97.530 0.321 err err 702 651 51.6 32.05
9.875 -6.476 6.476 8.882 1.015 err err 1332 1245 86.2 64.13
8.452 -5.228 5.228 -4.836 1.142 err err 1354 1261 92.1 66.37
5.739 -2.293 2.293 42.870 0.264 err err 984 949 35.4 41.58
5.104 -11.800 11.800 67.980 0.323 err err 703 650 53.0 32.14
10.040 -4.763 4.763 -2.585 1.153 err err 1261 1168 93.0 72.24
6.462 -13.230 13.230 98.080 0.201 err err 702 650 51.9 35.92
9.331 -5.190 5.190 -1.361 1.160 err err 1119 1078 41.3 63.82
7.522 -0.759 0.759 98.750 0.221 err err 661 633 28.1 31.54
9.476 -1.006 1.006 3.930 1.152 err err 1188 1154 34.5 56.03
5.822 4.728 -4.728 99.420 0.253 err err 646 627 18.8 27.70
5.551 4.579 -4.579 98.990 0.312 err err 920 900 19.3 38.15
8.876 -1.359 1.359 1.560 1.155 err err 1188 1153 34.7 56.06
5.950 5.493 -5.493 99.210 0.319 err err 671 648 23.5 28.53
5.535 7.216 -7.216 98.910 0.313 err err 926 908 18.0 38.42
4.168 -33.160 33.160 98.330 0.332 err err 650 628 21.6 26.91
6.230 -6.384 6.384 99.760 0.299 err err 650 634 16.1 26.50
6.070 -8.443 8.443 73.530 0.320 err err 912 900 11.8 36.69
9.046 -15.370 15.370 -11.920 1.170 err err 1082 1048 33.9 52.65
7.827 -10.850 10.850 -6.636 1.165 err err 1137 1105 32.2 50.61
8.182 -8.173 8.173 -29.760 1.134 err err 992 959 33.3 61.08
6.998 -98.980 98.980 -233.600 1.186 err err 603 599 4.2 43.09
2.929 -121.700 121.700 -104.300 1.186 err err 849 845 3.5 39.35
4.070 -26.910 26.910 -123.200 0.893 err err 907 890 17.5 37.38
4.160 -8.793 8.793 -54.150 1.127 err err 907 896 11.0 38.07
4.903 -20.420 20.420 41.760 -0.090 err err 687 628 59.1 27.21
4.857 -28.630 28.630 125.900 -0.305 err err 697 627 69.8 26.92
4.946 -19.440 19.440 -126.800 1.148 err err 641 628 12.7 25.77
7.853 -13.000 13.000 -11.380 1.103 err err 1082 1042 40.3 57.73
4.259 592.000 -592.000 663.500 1.173 err err 903 894 8.9 39.22
4.309 27.060 -27.060 57.780 1.194 err err 850 847 2.5 39.77
4.526 9.926 -9.926 -30.490 1.125 err err 925 912 12.4 38.48
7.540 -5.653 5.653 3.226 1.163 err err 1056 1031 24.6 70.10
7.795 -7.134 7.134 0.340 1.158 err err 1088 1059 29.4 67.95
7.800 -7.595 7.595 -0.073 1.155 err err 1104 1070 33.2 63.62
5.592 -31.300 31.300 -119.100 1.038 err err 669 640 28.5 26.46
5.563 -25.420 25.420 -9.410 0.560 err err 675 640 34.4 26.48
6.263 -63.400 63.400 -68.460 1.153 err err 644 629 15.1 25.97
5.608 -38.010 38.010 -47.350 1.211 err err 647 630 16.9 25.52
9.128 -6.444 6.444 25.950 0.744 err err 1120 1064 55.6 78.91
6.793 -35.680 35.680 -2.091 1.096 err err 668 642 25.7 32.98
5.363 -21.420 21.420 101.600 -0.379 err err 1016 980 36.5 37.14
5.518 -26.040 26.040 -55.790 1.085 err err 660 644 15.2 27.60
7.485 -7.748 7.748 -5.693 1.113 err err 1131 1089 42.5 60.38
3.563 -35.650 35.650 -18.930 1.215 err err 875 869 5.6 58.70
3.433 -29.510 29.510 -32.720 1.243 err err 900 888 11.4 39.50
3.725 -9.196 9.196 -11.720 1.252 err err 892 884 8.0 47.82
4.592 -46.990 46.990 -11.900 1.257 err err 640 632 8.3 54.92
12.530 -94.260 94.260 95.810 1.207 err err 658 661 -3.1 47.95
3.254 -24.760 24.760 5.740 1.256 err err 652 643 9.1 46.89
3.255 -24.270 24.270 -7.825 1.259 err err 665 653 12.0 36.26
7.919 -7.675 7.675 30.760 1.239 err err 1092 1042 49.8 86.54
7.851 -6.063 6.063 32.090 1.237 err err 1078 1035 42.7 95.18

































































Tcro  (C) Tori  (C) T_cond  (C) DT_sub  (C) DT_subF (F) Tcn2  (C) DPca DPcn Rc RHc Peri(kPa) Pero(kPa)
37.20 37.10 47.42 10.23 18.41 37.55 93.2 693.2 128029 0.4 363 329
39.99 40.55 49.92 9.94 17.88 40.43 46.2 403.5 96220 0.4 347 314
22.11 22.01 27.01 4.90 8.82 22.98 63.4 657.3 135614 0.4 353 343
36.47 35.79 40.24 3.77 6.79 35.79 35.8 281.5 83220 0.4 323 311
22.62 22.55 27.68 5.05 9.09 23.59 39.0 382.1 102948 0.4 343 333
42.46 42.97 47.97 5.51 9.92 40.83 46.6 410.6 97239 0.4 326 291
39.92 40.15 45.77 5.85 10.52 38.79 75.1 710.5 129285 0.4 344 310
37.00 36.91 37.31 0.31 0.56 35.31 35.7 284.8 83422 0.4 309 298
23.54 22.98 23.42 -0.12 -0.22 22.53 66.7 676.2 137085 0.4 343 335
24.66 23.38 24.21 -0.46 -0.82 23.33 40.6 389.9 103589 0.4 331 323
41.98 42.65 47.76 5.78 10.40 41.02 48.5 405.5 96428 0.4 336 297
42.73 42.62 48.26 5.53 9.96 40.93 50.5 405.3 96357 0.4 339 299
37.07 36.66 37.43 0.36 0.66 35.56 38.6 281.4 82358 0.4 319 307
24.22 22.63 24.19 -0.03 -0.05 22.98 42.2 382.7 102112 0.4 336 326
41.09 40.88 45.24 4.15 7.46 38.89 72.2 702.5 128367 0.4 353 319
24.24 23.18 24.19 -0.05 -0.08 23.09 62.6 651.9 133310 0.4 343 334
38.12 38.45 42.17 4.05 7.29 38.87 51.4 698.4 127429 0.4 353 320
24.22 23.58 23.32 -0.90 -1.63 23.76 43.3 657.8 132803 0.4 346 334
40.22 40.17 44.78 4.57 8.22 41.61 36.4 405.9 95880 0.4 337 300
23.80 23.23 23.00 -0.80 -1.44 23.86 29.6 385.2 101374 0.4 341 330
35.82 35.74 35.50 -0.31 -0.57 35.73 29.3 281.7 81894 0.4 325 313
40.16 39.92 44.76 4.60 8.28 41.26 37.2 408.0 96631 0.4 336 300
24.74 23.65 24.06 -0.68 -1.23 24.47 31.0 385.7 101489 0.4 337 324
36.12 35.78 35.82 -0.30 -0.54 35.93 29.6 283.1 82212 0.4 323 310
23.37 22.17 23.03 -0.34 -0.60 21.98 43.9 663.6 135067 0.4 338 326
24.21 23.06 23.37 -0.84 -1.52 23.59 30.4 386.6 102206 0.4 329 318
35.41 35.75 35.49 0.08 0.14 35.55 29.9 279.8 81961 0.4 288 275
36.78 37.37 41.13 4.34 7.82 37.04 50.4 692.4 128280 0.4 343 309
38.43 38.97 43.13 4.71 8.47 39.22 36.4 403.9 96883 0.4 324 293
36.52 36.58 37.81 1.29 2.32 35.64 52.2 695.9 129693 0.4 359 337
20.35 20.94 21.49 1.14 2.06 21.12 45.4 668.9 136207 0.4 366 359
32.49 31.08 33.24 0.75 1.35 32.10 31.3 281.9 83641 0.4 343 335
33.86 33.39 35.07 1.21 2.18 34.20 29.8 279.7 82337 0.4 334 319
33.84 33.82 35.35 1.51 2.72 34.52 29.3 280.7 82463 0.4 335 323
21.86 22.00 23.05 1.20 2.15 22.76 42.1 668.0 134936 0.4 361 335
21.79 22.22 23.00 1.21 2.17 22.78 42.4 668.4 134985 0.4 364 334
21.30 22.60 23.06 1.75 3.16 22.20 42.5 666.1 135150 0.4 366 355
39.07 39.83 40.89 1.82 3.27 37.54 38.8 405.4 97794 0.4 349 319
33.99 33.05 35.26 1.27 2.28 28.28 29.3 279.9 84897 0.4 338 327
32.21 29.88 33.32 1.12 2.01 33.91 29.1 278.8 82581 0.4 348 343
34.29 34.05 35.99 1.70 3.07 36.08 28.9 267.2 80015 0.4 335 321
38.31 37.83 40.51 2.20 3.96 38.16 40.4 404.2 97377 0.4 352 324
39.69 39.29 41.51 1.82 3.28 38.86 40.0 405.4 97220 0.4 349 317
40.31 39.79 41.91 1.60 2.88 39.07 39.5 405.1 97097 0.4 350 314
22.22 22.99 23.67 1.45 2.61 22.55 26.7 382.3 102351 0.4 347 331
22.16 22.32 23.68 1.53 2.75 22.83 26.3 383.4 102325 0.4 349 330
22.36 23.01 23.11 0.75 1.35 21.80 28.0 386.2 102789 0.4 321 308
22.97 22.80 23.15 0.18 0.33 22.23 26.7 388.1 103339 0.4 350 338
41.00 42.12 41.70 0.70 1.25 39.10 48.7 701.2 127901 0.4 312 269
23.02 24.02 23.79 0.77 1.38 22.41 44.1 660.3 134390 0.4 311 295
35.02 36.54 38.59 3.58 6.44 34.29 29.8 289.4 83877 0.4 311 285
23.14 23.93 23.90 0.75 1.36 22.68 28.5 386.1 102567 0.4 309 295
40.86 40.76 42.56 1.70 3.06 39.58 35.4 406.3 97397 0.4 331 297
33.12 23.11 34.24 1.12 2.01 32.94 24.6 280.8 83095 0.4 333 326
34.86 16.20 35.03 0.17 0.31 33.63 24.8 281.5 82945 0.4 332 323
33.92 13.71 34.83 0.92 1.65 33.62 24.4 280.4 82955 0.4 331 322
21.99 11.70 23.22 1.24 2.22 21.62 42.7 670.2 136376 0.4 340 331
22.16 11.11 24.76 2.59 4.66 21.76 42.6 657.0 134257 0.4 366 362
22.29 12.37 23.84 1.55 2.78 22.40 23.6 277.5 87233 0.4 340 332
22.87 10.73 24.32 1.46 2.62 22.49 22.8 277.0 87137 0.4 331 322
39.15 15.91 40.90 1.76 3.16 38.07 44.6 697.9 128809 0.4 338 315
38.53 16.95 40.65 2.12 3.82 38.01 44.7 697.6 128795 0.4 335 314

































































DPer(kPa) Teri (C) Tero  (C) T_evap  (C) DT_sup  (C) DT_supF (F) x_in x_out x_out_o_m DG_gps (g/s) DG_gps_o_m (g/s)
33.57 5.59 5.18 3.26 1.92 3.46 0.230 0.816 0.827 0.457 0.478
33.34 4.42 4.71 1.92 2.80 5.03 0.264 0.846 0.851 0.475 0.484
10.15 3.97 4.96 4.38 0.58 1.05 0.120 0.624 0.635 -0.001 0.007
11.83 2.15 1.92 1.64 0.28 0.51 0.238 0.771 0.771 0.000 -0.001
9.99 3.25 4.22 3.62 0.61 1.09 0.129 0.652 0.652 0.000 0.000
35.46 3.91 2.07 -0.19 2.27 4.08 0.292 0.850 0.852 0.533 0.538
33.83 5.50 3.93 1.55 2.38 4.29 0.262 0.823 0.834 0.479 0.502
10.16 2.12 3.75 0.50 3.26 5.86 0.253 0.727 0.707 0.020 0.002
8.27 5.20 5.13 3.76 1.38 2.48 0.131 0.176 0.174 0.021 0.004
8.80 4.34 4.03 2.68 1.35 2.44 0.141 0.159 0.158 0.021 0.001
38.61 4.49 2.97 0.38 2.59 4.66 0.286 0.818 0.823 0.513 0.524
39.15 5.11 3.91 0.59 3.32 5.97 0.284 0.823 0.834 0.476 0.499
11.97 3.31 2.99 1.31 1.69 3.04 0.246 0.729 0.740 0.001 0.010
9.57 4.50 4.36 2.97 1.39 2.50 0.133 0.151 0.152 -0.001 0.005
34.11 6.29 4.94 2.35 2.59 4.66 0.263 0.802 0.821 0.438 0.475
8.99 5.13 5.02 3.65 1.38 2.48 0.133 0.159 0.159 0.000 0.000
32.34 6.18 4.72 2.47 2.26 4.06 0.244 0.775 0.795 0.418 0.454
11.98 5.81 5.53 3.70 1.82 3.28 1.055 1.071 1.072 0.002 0.009
36.46 4.99 3.30 0.65 2.65 4.76 0.266 0.801 0.813 0.476 0.502
10.19 4.96 4.71 3.36 1.36 2.44 1.055 1.065 1.065 0.001 0.000
12.30 4.04 3.62 1.80 1.83 3.29 1.090 1.097 1.097 0.003 -0.001
36.00 4.84 3.30 0.65 2.65 4.77 0.264 0.803 0.813 0.473 0.493
12.49 4.91 4.66 2.82 1.84 3.31 0.140 0.149 0.149 0.002 -0.004
12.60 3.88 3.46 1.58 1.87 3.37 0.237 0.243 0.243 0.001 0.000
12.28 5.05 4.72 2.95 1.78 3.20 0.129 0.137 0.137 0.000 0.010
10.97 4.16 3.84 2.29 1.55 2.79 0.140 0.145 0.145 0.001 -0.001
12.59 0.39 0.19 -1.75 1.94 3.50 1.099 1.579 1.578 0.003 0.002
33.13 5.16 3.89 1.51 2.38 4.29 0.241 0.799 0.815 0.478 0.511
30.29 3.57 2.60 0.04 2.56 4.61 0.262 0.834 0.846 0.500 0.526
22.12 6.46 11.16 3.93 7.23 13.01 0.225 -11.610 0.825 -13.550 0.218
6.49 7.09 10.11 5.75 4.37 7.86 0.105 -16.700 0.566 -8.040 0.008
7.75 5.59 7.09 3.77 3.32 5.97 0.191 -6.341 0.744 -2.377 0.000
15.58 4.60 3.77 2.34 1.43 2.57 0.214 0.696 0.710 -0.002 0.007
11.71 4.66 4.13 2.72 1.41 2.55 0.216 0.743 0.752 -0.004 0.001
26.53 6.95 5.36 3.71 1.65 2.97 0.115 0.503 0.512 -0.004 0.004
30.32 7.05 5.31 3.66 1.64 2.96 0.115 0.492 0.499 -0.004 0.002
10.97 7.08 6.75 5.39 1.36 2.45 0.117 0.627 0.631 -0.004 -0.001
29.97 5.51 8.37 2.34 6.03 10.85 0.256 0.836 0.848 0.380 0.399
10.98 4.81 4.82 3.03 1.79 3.23 0.209 0.842 0.857 -0.003 0.006
5.86 5.60 19.47 4.38 15.09 27.17 0.180 0.702 0.814 -0.004 0.019
13.43 4.66 4.06 2.57 1.50 2.69 0.218 0.755 0.773 -0.003 0.009
27.90 5.47 15.14 2.84 12.30 22.14 0.239 0.881 0.918 0.325 0.374
31.96 5.75 10.28 2.19 8.09 14.56 0.252 0.912 0.897 0.442 0.417
35.59 6.02 6.78 1.96 4.83 8.69 0.256 0.878 0.862 0.464 0.435
16.02 5.55 4.80 3.43 1.38 2.48 0.130 0.607 0.620 -0.002 0.007
19.24 5.54 4.57 3.30 1.27 2.28 0.124 0.533 0.543 -0.003 0.005
12.26 3.28 2.82 1.42 1.40 2.52 0.144 0.677 0.682 -0.002 0.002
12.01 5.95 5.55 3.98 1.57 2.82 0.127 0.570 0.572 -0.001 0.000
42.58 2.54 2.20 -2.32 4.52 8.14 1.118 1.708 1.721 0.514 0.539
15.80 2.20 1.48 0.21 1.27 2.29 1.066 1.488 1.491 -0.001 0.001
26.07 3.42 2.82 -0.74 3.56 6.40 0.250 0.260 0.260 -0.001 0.001
13.81 2.19 1.68 0.20 1.48 2.67 1.065 1.570 1.576 -0.004 0.001
34.43 4.41 4.41 0.33 4.08 7.35 0.273 0.856 0.847 0.486 0.470
7.61 4.23 11.08 2.94 8.14 14.66 0.139 0.930 0.937 -0.002 0.000
8.96 4.08 4.07 2.76 1.31 2.36 0.090 0.680 0.688 -0.003 0.001
8.53 3.62 4.08 2.66 1.42 2.55 0.073 0.770 0.785 -0.007 0.000
9.08 4.22 4.90 3.38 1.52 2.74 0.053 0.602 0.611 -0.002 0.001
3.72 3.48 4.26 5.99 -1.73 -3.11 0.035 0.076 0.078 -0.011 -0.004
8.60 4.15 4.88 3.46 1.42 2.55 0.058 0.614 0.618 -0.003 -0.001
9.10 2.89 3.85 2.64 1.20 2.17 0.051 0.595 0.603 -0.003 0.001
22.73 4.74 3.84 2.00 1.84 3.32 0.086 0.718 0.731 0.470 0.493
20.72 4.52 3.63 1.96 1.67 3.01 0.095 0.788 0.777 0.481 0.463

































































Dslope_new_method (g/s) Dslope (g/s) Ts  (C) Tw  (C) Tdpei  (C) Tdpeo  (C) Tdpeo_old  (C) Rhea_out Rhea_out_o_m Teao  (C)
0.001 0.001 100.3 15.0 15.5 7.6 7.1 0.842 0.815 10.4
0.001 0.001 99.4 13.9 15.4 7.0 6.8 0.869 0.855 9.3
0.000 0.000 24.5 24.4 3.4 3.4 3.0 0.757 0.737 7.2
0.000 0.000 24.3 24.7 0.3 0.3 0.3 0.700 0.702 5.6
0.000 0.000 24.3 24.2 2.7 2.7 2.8 0.752 0.752 6.8
0.001 0.001 98.6 12.7 15.4 5.7 5.6 0.872 0.863 8.1
0.001 0.001 98.3 14.5 15.5 7.0 6.5 0.859 0.827 9.5
0.000 0.000 25.8 26.1 1.9 0.7 1.7 0.746 0.802 5.0
0.000 0.000 25.2 26.0 5.1 4.1 4.9 0.771 0.815 7.7
0.000 0.000 24.9 25.2 4.4 3.3 4.3 0.765 0.819 6.9
0.001 0.001 99.1 13.1 15.5 6.2 5.9 0.884 0.865 7.9
0.001 0.001 99.1 14.2 15.5 7.2 6.6 0.873 0.840 8.9
0.000 0.000 25.6 24.6 2.3 2.2 1.7 0.734 0.711 6.2
0.000 0.000 25.6 25.1 3.6 3.7 3.4 0.741 0.724 7.5
0.001 0.001 99.5 15.3 15.4 7.8 7.0 0.856 0.808 9.7
0.000 0.000 25.5 25.8 4.1 4.1 4.1 0.754 0.754 7.8
0.001 0.001 99.2 15.6 15.3 8.2 7.4 0.863 0.816 9.8
0.000 0.000 28.9 23.2 4.9 4.7 4.4 0.794 0.778 8.2
0.001 0.001 99.6 14.5 15.4 7.0 6.4 0.863 0.828 8.5
0.000 0.000 24.4 25.2 3.7 3.7 3.7 0.765 0.769 7.8
0.000 0.000 26.1 27.2 2.4 2.3 2.5 0.759 0.770 6.7
0.001 0.001 99.2 13.7 15.4 7.1 6.6 0.881 0.852 8.6
0.000 0.000 24.5 24.8 3.7 3.6 3.9 0.725 0.740 7.5
0.000 0.000 24.3 24.2 2.5 2.5 2.5 0.706 0.708 6.5
0.000 0.000 26.8 26.5 3.8 3.8 3.2 0.761 0.734 7.8
0.000 0.000 24.9 25.4 3.0 2.9 3.0 0.748 0.754 6.2
0.000 0.000 25.3 26.3 -0.5 -0.7 -0.6 0.706 0.708 3.1
0.001 0.001 99.1 13.6 15.5 7.1 6.4 0.865 0.819 8.4
0.001 0.001 99.0 13.0 15.2 6.1 5.5 0.868 0.829 7.2
-0.030 0.000 99.5 17.4 15.4 60.0 12.0 11.750 0.826 14.8
-0.018 0.000 24.3 23.9 7.5 60.0 7.2 13.690 0.696 12.2
-0.005 0.000 24.3 24.1 9.2 40.1 9.2 4.596 0.723 13.7
0.000 0.000 24.6 23.5 2.9 3.0 2.5 0.734 0.711 6.9
0.000 0.000 24.3 24.3 3.3 3.5 3.2 0.739 0.727 7.2
0.000 0.000 24.4 23.8 4.9 5.0 4.7 0.752 0.735 8.7
0.000 0.000 24.4 24.4 4.9 5.1 4.8 0.758 0.744 8.6
0.000 0.000 24.3 24.5 5.7 5.9 5.8 0.763 0.758 9.4
0.001 0.001 99.2 14.0 15.4 9.0 8.6 0.859 0.835 11.0
0.000 0.000 24.7 24.1 4.1 4.2 3.8 0.752 0.731 7.7
0.000 0.000 24.8 23.5 13.5 13.6 13.0 0.795 0.763 16.9
0.000 0.000 24.8 24.1 3.4 3.5 2.9 0.740 0.709 7.3
0.001 0.001 99.2 14.9 15.4 10.0 9.1 0.854 0.799 12.0
0.001 0.001 99.4 14.1 15.3 7.5 8.0 0.798 0.828 10.9
0.001 0.001 99.4 13.9 15.3 7.0 7.6 0.792 0.828 10.5
0.000 0.000 22.8 22.9 4.1 4.2 3.8 0.782 0.759 7.6
0.000 0.000 22.8 23.6 4.2 4.3 3.9 0.784 0.765 7.6
0.000 0.000 23.2 23.3 2.4 2.5 2.3 0.717 0.708 6.6
0.000 0.000 25.6 23.3 4.7 4.7 4.7 0.751 0.748 8.3
0.001 0.001 98.5 11.1 15.4 6.1 5.4 0.853 0.815 8.3
0.000 0.000 29.5 24.4 1.5 1.6 1.4 0.702 0.695 5.9
0.000 0.000 23.9 24.0 2.1 2.2 2.1 0.693 0.689 6.4
0.000 0.000 24.6 25.0 1.4 1.4 1.3 0.426 0.422 5.8
0.001 0.001 99.1 12.2 15.3 6.6 7.0 0.817 0.837 9.7
0.000 0.000 30.8 24.2 4.6 4.6 4.5 0.670 0.665 9.8
0.000 0.000 31.0 24.1 3.5 3.7 3.4 0.695 0.685 8.3
0.000 0.000 25.2 23.6 4.1 4.3 4.1 0.463 0.459 9.5
0.000 0.000 24.6 25.8 5.5 5.5 5.4 0.609 0.603 11.8
0.000 0.000 22.9 23.0 7.0 7.4 7.1 0.755 0.742 10.5
0.000 0.000 24.6 25.6 5.9 6.0 5.9 0.636 0.634 11.6
0.000 0.000 23.4 23.1 4.6 4.7 4.6 0.658 0.651 9.7
0.001 0.001 99.3 13.1 15.4 7.1 6.6 0.825 0.795 9.8
0.001 0.001 99.3 13.2 15.3 6.8 7.1 0.792 0.814 9.9

































































Ten1  (C) Ten2  (C) DPea (Pa) DPen (Pa) Re We (W) We1 (W) We2 (W) Prcpi(kPa) P_ratio eta_idia eta_isen eta_m
9.8 10.4 119 107 56876 1766 1766 -18 290 4.569 1.185 0.601 0.712
9.1 9.1 120 106 56721 1681 1681 -17 286 4.838 err err err
22.9 7.4 37 141 62425 849 849 -17 339 2.251 err err err
23.6 5.3 48 137 61382 993 993 -17 320 3.307 err err err
23.2 6.8 37 141 62260 902 902 -17 333 2.310 err err err
7.5 8.0 125 107 57719 1865 1807 58 265 5.044 err err err
9.0 9.6 126 105 56774 1709 1709 -17 278 4.627 err err err
20.5 4.9 44 133 60848 890 832 58 309 3.159 err err err
21.2 7.9 44 139 62190 760 702 58 328 2.119 err err err
21.4 7.2 44 138 61943 830 772 58 321 2.191 err err err
7.2 8.8 118 104 56880 1746 1746 -17 249 5.347 err err err
8.7 9.7 125 106 56931 1699 1716 -17 245 5.527 err err err
22.8 6.6 51 153 64159 939 939 -17 301 3.270 err err err
23.0 8.0 45 137 60749 815 815 -17 314 2.236 err err err
9.7 10.6 127 105 56653 1644 1644 -17 255 4.954 err err err
22.3 8.2 37 140 61522 787 804 -17 319 2.204 err err err
10.8 10.0 116 107 56463 1575 1592 -17 265 4.229 err err err
22.0 8.1 41 136 60369 726 743 -17 317 2.089 err err err
9.5 8.8 116 106 56662 1725 1742 -17 257 4.618 err err err
21.9 7.5 36 137 60627 777 793 -17 320 2.019 err err err
22.5 6.2 38 135 60190 853 870 -17 305 3.017 err err err
9.5 8.4 126 104 56438 1699 1716 -17 254 4.677 err err err
23.0 8.3 33 136 60375 797 814 -17 310 2.163 err err err
23.0 7.5 32 137 60657 835 852 -17 303 3.052 err err err
21.2 7.7 39 140 61702 794 811 -17 312 2.079 err err err
20.6 7.0 35 137 61254 828 845 -17 311 2.094 err err err
21.3 4.1 37 135 60605 1004 1020 -17 270 3.376 err err err
9.3 9.2 121 105 56570 1606 1622 -16 266 4.070 err err err
8.4 8.0 120 105 56905 1735 1751 -16 265 4.301 err err err
15.5 14.4 107 109 52248 1173 1115 58 319 3.109 err err err
18.6 12.6 36 144 59109 490 432 58 359 1.683 err err err
18.5 14.1 33 141 61411 432 375 58 335 2.535 err err err
20.4 7.4 34 141 62156 720 671 49 314 2.893 err err err
21.5 7.8 32 138 61248 716 667 49 320 2.835 err err err
20.3 9.2 46 138 61674 783 660 123 312 2.204 err err err
20.3 9.1 45 139 61790 794 671 123 304 2.296 err err err
20.1 9.9 45 139 61844 736 613 123 347 1.848 err err err
11.0 11.6 113 104 55695 1383 1325 58 296 3.650 err err err
21.1 8.3 41 141 62248 859 800 59 325 2.781 err err err
18.6 17.2 39 143 63247 251 193 58 345 2.466 err err err
21.0 7.8 46 138 61385 847 788 59 319 2.898 err err err
12.6 12.2 111 105 55665 1428 1370 59 308 3.423 err err err
9.8 11.8 113 103 55883 1570 1511 59 294 3.700 err err err
9.3 11.6 114 103 55999 1551 1493 58 294 3.755 err err err
20.8 7.8 34 140 62022 804 820 -16 324 2.065 err err err
21.5 7.8 33 140 61951 765 782 -16 320 2.110 err err err
21.3 7.2 29 140 61607 939 890 49 303 2.128 err err err
18.0 8.9 25 138 62583 703 579 125 334 1.939 err err err
7.2 9.7 121 104 57002 1842 1719 123 221 5.061 err err err
19.9 6.6 36 135 61111 887 838 49 280 2.390 err err err
20.9 7.4 35 133 60440 861 812 49 278 3.655 err err err
21.2 6.7 36 134 60556 887 839 49 288 2.288 err err err
9.0 10.2 117 104 56675 1591 1532 59 270 4.191 err err err
20.1 10.5 13 137 61522 692 634 58 321 2.725 err err err
20.3 8.9 13 137 61443 799 741 58 317 2.841 err err err
21.2 10.3 13 136 60998 716 734 -17 317 2.812 err err err
20.4 12.9 13 142 62776 563 580 -18 321 1.994 err err err
19.7 11.6 12 143 62686 404 422 -18 368 1.787 err err err
20.4 12.7 13 142 62660 550 568 -17 320 2.036 err err err
20.3 10.9 13 142 62711 653 670 -18 311 2.135 err err err
10.0 9.9 16 106 56848 1625 1566 58 230 4.740 err err err
9.6 10.8 16 105 56792 1663 1604 59 225 4.782 err err err

































































eta_v Trcpi  (C) Trcpo  (C) Fc (in-lbf) Tcc  (C) ENN Verdate Xoil (CycTime) Time of one cycle (s) (ON %) ratio of on time to CycTime
0.409 1.0 75.0 57 33.44 2 52299 0.01 14.01477273 0.633746858
err 0.3 66.0 77 24.9 2 52299 0.01 26.61535714 0.760329026
err 3.8 40.7 15 28.38 1 52299 0.01 15.36142857 0.239189064
err 0.3 42.3 51 27.54 1 52299 0.01 39.60533333 0.571202532
err 3.9 33.0 22 27.93 1 52299 0.01 16.96076923 0.288947345
err -2.8 65.4 85 29.3 2 52299 0.01 54.431 0.864562474
err -2.2 74.2 60 31.46 2 52299 0.01 17.10586957 0.648861947
err -0.2 40.8 49 32.06 1 52299 0.01 75.4405 0.585865682
err 4.4 39.7 16 32.55 1 52299 0.01 17.305 0.210957816
err 2.8 30.3 21 30.72 1 52299 0.01 22.37702703 0.266574068
err -4.2 62.9 54 25.16 2 52299 0.01 30.6515 0.798688482
err -2.5 65.3 52 33.77 2 52299 0.01 23.58096154 0.775968227
err 0.0 41.0 29 29.86 1 52299 0.01 34.06317073 0.533270323
err 1.6 31.9 12 30.77 1 52299 0.01 21.345 0.274165323
err -3.2 69.7 39 33.56 2 52299 0.01 12.46373333 0.622627784
err 1.9 34.8 10 29.98 1 52299 0.01 18.36617021 0.220850083
err -3.1 61.3 32 31.19 2 52299 0.01
err 2.5 30.2 9 29.39 1 52299 0.01
err -4.1 54.3 49 30.55 2 52299 0.01
err 2.7 27.9 7 27.73 1 52299 0.01
err 1.1 37.9 24 29.04 1 52299 0.01
err -4.1 54.1 49 29.1 2 52299 0.01 33.37333333 0.764282861
err 1.7 28.5 10 27.65 1 52299 0.01 24.42307692 0.24896063
err 0.5 37.7 25 26.46 1 52299 0.01 34.24470588 0.484591865
err 1.8 27.6 10 27.44 1 52299 0.01 24.84657143 0.249450916
err 1.3 26.7 12 29.06 1 52299 0.01
err -2.1 37.1 43 28.48 1 52299 0.01
err -2.1 51.5 41 31.38 2 52299 0.01
err -1.4 51.1 61 31.7 2 52299 0.01
err 8.0 59.0 19 26.88 2 52299 0.01 5.461685393 0.56684976
err 13.7 42.1 4 26.29 1 52299 0.01 7.976891892 0.17664199
err 16.2 36.8 9 24.36 1 52299 0.01 96.252 0.175414537
err 1.5 37.1 25 25.02 1 52299 0.01 44.1 0.479750567
err 2.8 37.8 19 24.75 1 52299 0.01 40.49307692 0.35514143
err 0.9 32.3 16 24.69 1 52299 0.01 16.90088235 0.317125803
err 1.0 32.2 18 24.95 1 52299 0.01 15.2405 0.350497031
err 4.5 30.1 7 25.26 1 52299 0.01 12.55877551 0.181595112
err 6.5 58.0 32 27.02 2 52299 0.01 5.5848 0.681886549
err 7.3 39.0 16 25.59 1 52299 0.01 32.48222222 0.305107067
err 28.7 40.1 4 25.73 1 52299 0.01 32.25764706 0.103249571
err 2.1 38.1 23 25.3 1 52299 0.01 38.81076923 0.415507195
err 18.9 71.3 30 28.11 2 52299 0.01 2.6172 0.784387895
err 13.1 69.0 35 29.84 2 52299 0.01 3.852 0.758722741
err 8.1 64.7 37 30.55 2 52299 0.01 4.4923 0.749304365
err 2.8 30.0 12 24.06 1 52299 0.01 28.33222222 0.271089062
err 2.4 29.8 14 24.72 1 52299 0.01 25.51291667 0.300125753
err 1.2 29.3 10 24.65 1 52299 0.01 39.45866667 0.242549165
err 4.1 29.5 8 23.43 1 52299 0.01 24.96136364 0.195666029
err 1.9 80.1 41 26.57 2 52299 0.01 19.93392857 0.718874854
err -0.5 35.1 10 26.45 1 52299 0.01 42.512 0.200288546
err 1.7 38.0 22 24.3 1 52299 0.01 27.33545455 0.436828627
err 0.3 30.9 11 27.19 2 52299 0.01 43.10071429 0.247360833
err 3.3 60.7 43 26.21 2 52299 0.01 18.41833333 0.711845082
err 36.7 58.6 11 25.35 1 52299 0.01 40.15066667 0.241523594
err 4.3 39.1 17 25.1 1 52299 0.01 68.20142857 0.322950923
err 18.4 45.1 14 24.8 2 52299 0.01 72.055625 0.266322026
err 17.5 48.1 5 27.45 1 52299 0.01 77.17 0.116091098
err 6.0 43.2 6 24.7 1 52299 0.01 70.215 0.13193406
err 22.7 42.7 6 26.8 1 52299 0.01 79.07571429 0.132278287
err 2.6 32.6 8 24.27 1 52299 0.01 69.75 0.171123059
err 7.1 86.1 36 27.17 2 52299 0.01 30.72090909 0.621859557
err 17.3 94.9 34 27.85 2 52299 0.01 29.05235294 0.621575654

































































h_compout (kJ/kg) hci (kJ/kg) hco (kJ/kg) hei (kJ/kg) heo (kJ/kg) h_exit (kJ/kg) h_exit_o_m (kJ/kg) h_compin (kJ/kg) Vc (rpm)
300.4 301.6 101.2 101.1 250.2 213.2 215.2 247.6 1743
288.9 288 105.4 106.2 250.2 218.2 219.1 247.1 1299
273.9 274.8 79.35 79.22 249.6 176.5 178.7 54.23 509.5
268.5 270.2 100 99.01 247.8 203 202.8 49.58 524
265.6 268.8 80.08 79.97 249.2 181.2 181.2 248.9 423.3
289.1 289 108.9 109.7 248.5 217.5 217.9 45.46 1498
300.2 301.6 105.1 105.5 249.6 213.4 215.6 46.24 1885
268.9 271.7 100.7 100.6 249.8 193.5 189.4 48.89 529.9
274.4 275.6 259.3 80.51 250 89.19 88.76 249.5 492.4
264.5 266.3 260 81.08 249.3 84.63 84.44 248.3 421.5
286.3 287.8 108.2 109.2 249.2 211.7 212.8 244.3 1977
288.7 290 109.3 109.2 249.9 212.9 215 246 2033
268.9 269.6 100.8 100.2 248.9 194.6 196.7 49.18 620.4
266.1 266.4 259.5 80.03 249.5 83.53 83.59 51.28 611.2
295.5 298.4 106.9 106.5 250.3 210 213.6 245 2341
269.2 270.3 259.6 80.79 249.9 85.82 85.83 51.69 581.8
288.7 291.6 102.4 102.9 250.1 204.9 208.5 45.09 2139
265.4 266.8 260 259.3 250.4 262.4 262.5 248.1 664.8
279.4 281.4 105.6 105.5 249.4 208.7 211 43.87 1794
263.4 263.3 259.7 259.2 249.7 261.1 261.1 248.2 460.4
267.1 267.4 265.3 265.2 249.3 266.4 266.4 247.2 616.1
279.1 281.4 105.5 105.1 249.4 209 210.9 43.85 1807
263.4 263.5 260.2 81.45 249.9 83.19 83.16 247.6 575.8
266.7 267.5 265.4 98.89 249.2 100 100 49.79 626.7
263 262.4 259.3 79.36 249.9 81.01 81.06 51.5
262.1 261.9 260 80.62 249.3 81.7 81.69 50.9
266.4 265.9 98.35 265.2 247.3 359.7 359.5 245.5
278.5 279.8 100.5 101.3 249.6 208.7 211.9 245.6
276.8 276.2 102.9 103.7 248.9 214.4 216.8 246.3
288.7 290.9 100 100.1 255.5 -2171 215.3 253.1 4105
278.8 279.8 76.82 77.64 253.9 -3153 166.4 257.3 4105
267.6 270.5 94.11 92.11 251.8 -1173 199.1 260.1 1300
266.6 266.8 96.12 95.44 249.2 189 191.7 51.15 1300
267.3 267.6 96.09 96.07 249.4 198.3 199.9 248.3 1300
267 261.6 78.94 79.13 250.2 153.4 155.1 50.39 4105
266.6 261.1 78.85 79.43 250.2 151.5 152.8 247.2 4105
265.9 261.4 78.17 79.96 250.9 177.9 178.7 55.2 4105
285.8 285.5 103.8 104.9 253.4 216.3 218.7 252.4 2463
268.7 269 96.31 94.96 249.9 217.7 220.6 252.2 1300
271.2 270.9 93.71 90.39 263 191.4 213.1 271.4 1300
267.2 267.6 96.75 96.4 249.4 200.5 203.9 51.92 1300
300.8 299.5 102.7 102 259.5 225.4 232.4 263.2 2463
297.8 296.7 104.7 104.1 255.2 231 227.9 258.4 2463
292.8 291.6 105.6 104.9 252.1 224.4 221.1 253.8 1451
265.1 261.4 79.45 80.52 249.8 172.6 175.2 248.2 2463
264.7 261.2 79.36 79.59 249.6 158.5 160.3 52.32 2463
265 261.5 79.63 80.54 248.7 184.4 185.4 247.4 2463
265.1 261 80.48 80.24 250.3 165.9 166.3 249.1 2463
309.3 308 106.6 268.1 249.3 382.6 385 250.5 4105
270.3 268.1 80.57 259.5 247.9 342.1 342.7 246.6 4105
102.3 101 97.86 100.1 249.4 101.9 101.9 248.6 1295
266.2 262.8 80.74 259.4 248.1 358.3 359.4 247.1 2463
287.9 287.5 106.4 106.3 250.5 218.9 217.3 250.3 2463
290.4 290.5 95.03 80.87 255.7 234.7 236.1 279.3 1300
268.9 269.4 97.55 71.34 249.4 186 187.5 249.8 1300
275.7 278.6 96.19 67.94 249.4 203.3 206.2 262.6 1300
284.1 290.9 79.12 65.01 249.9 171.4 173.1 261.7 4105
278.7 283.6 79.39 64.24 54.84 72.16 72.5 57.14 4105
278.4 282.6 79.55 65.93 249.8 173.8 174.5 266.4 2463
267.8 271.6 80.37 63.71 249.2 169.4 170.9 248.4 2463
316.2 316.6 103.9 71.07 249.4 193.2 195.8 254.8 2426
325.7 326 103 72.49 249.2 206.7 204.6 263.9 2479

































































Tcai  (C) AFR_scfm_Cond(scfm) Teai (C) AFR_scfm_Evap(scfm) AFR_scfm_Evap_o_m (scfm) Rhea_in DP_suction line(kPa)
30.8 1245.0 27.6 176.3 176.3 0.475 39.4
32.2 947.6 26.5 175.7 175.7 0.505 48.1
20.9 1220.0 21.4 100.4 100.3 0.305 3.3
32.2 785.9 21.4 99.3 99.3 0.245 -9.1
20.9 930.6 21.4 100.3 100.3 0.292 0.2
32.5 952.1 26.9 176.5 176.5 0.493 26.3
32.2 1254.0 27.1 174.4 174.4 0.490 31.8
32.2 795.5 21.1 98.2 98.2 0.280 -10.6
21.0 1245.0 21.1 100.2 100.2 0.352 6.9
21.2 945.2 21.1 99.9 99.9 0.335 2
32.2 946.9 27.1 174.1 174.1 0.489 48.1
32.4 947.7 26.9 175.5 175.4 0.498 54.5
31.9 795.0 21.4 105.6 105.6 0.283 6.1
20.6 943.3 21.4 99.9 99.9 0.312 11.5
32.3 1248.0 26.8 174.8 174.7 0.497 64.3
21.2 1230.0 21.3 101.0 101.0 0.325 0
32.6 1250.0 27.0 176.5 176.5 0.488 55.5
21.5 1241.0 21.5 100.0 100.0 0.337 17.9
32.5 950.0 26.9 176.3 176.3 0.495 42.7
21.0 951.0 21.0 100.6 100.6 0.321 10.5
32.2 799.6 21.0 100.1 100.1 0.292 7.9
32.4 949.4 26.9 174.4 174.4 0.495 46
21.2 947.5 21.4 99.9 99.9 0.314 13.9
32.0 799.3 21.4 100.4 100.4 0.288 6.8
20.9 1245.0 21.6 101.1 101.1 0.310 13.2
21.1 948.5 21.0 100.1 100.1 0.304 7.5
32.1 794.3 21.2 99.9 99.9 0.234 4.9
32.1 1245.0 26.8 174.9 174.9 0.501 43.5
32.1 948.8 26.8 175.5 175.4 0.490 28.9
32.2 1248.0 26.8 188.8 176.2 0.496 0
21.1 1251.0 20.9 109.0 101.7 0.418 0
32.3 801.1 20.9 102.4 100.3 0.471 0
32.5 796.9 20.9 101.7 101.7 0.304 5.2
32.2 797.0 21.2 100.5 100.5 0.307 3
20.9 1248.0 21.2 100.5 100.4 0.344 22.6
21.2 1248.0 21.4 100.6 100.6 0.342 30.4
20.9 1247.0 21.2 100.5 100.5 0.365 7.8
32.1 953.0 26.4 173.2 173.2 0.508 22.2
32.1 802.5 21.1 101.4 101.4 0.325 1.9
32.1 793.5 21.3 100.8 100.7 0.614 -2
32.2 774.7 21.2 100.2 100.2 0.309 2.2
32.2 950.9 26.7 174.2 174.2 0.498 16
32.3 951.1 26.9 172.8 172.8 0.490 22.9
32.3 950.6 27.0 172.9 172.9 0.490 20.5
21.0 942.9 21.0 100.9 100.9 0.329 7.4
20.9 944.1 21.3 101.2 101.2 0.326 9.9
21.1 952.9 21.4 101.3 101.3 0.286 5.6
21.0 949.8 21.0 100.1 100.1 0.343 4.1
32.2 1249.0 26.8 174.7 174.7 0.498 48
21.0 1241.0 21.0 99.6 99.6 0.274 0
32.3 809.1 21.1 98.8 98.8 0.284 0
20.9 949.4 21.1 195.7 195.7 0.269 0
32.3 947.5 26.7 173.6 173.6 0.498 26.5
32.0 799.0 21.3 99.8 99.8 0.333 4.7
32.2 799.0 21.4 100.0 100.0 0.308 6.7
31.9 795.8 21.1 196.0 196.0 0.328 5.2
21.0 1248.0 21.1 100.9 100.9 0.360 9.8
21.3 1242.0 21.2 101.8 101.8 0.396 -6.1
21.0 803.8 21.1 100.9 100.9 0.370 11.2
20.9 802.5 20.8 101.1 101.1 0.346 10.8
32.1 1242.0 26.8 174.5 174.5 0.496 84.4
32.0 1242.0 26.7 174.0 174.0 0.497 89
32.2 1243.0 26.9 174.8 174.7 0.494 73
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Appendix E: Condenser Model 
Condenser simulation for R134a multipass microchannel condenser.  The condenser is described in more 
detail in Appendix A.  The model was written in Engineering Equation Solver (EES) Academic version 6.036.  
Comments are enclosed in braces {}. 
 
{Calculate subcooling and superheating of refrigerant - only used once at end of program} 
PROCEDURE SUB_SUP(P_i,P_o,T_i,T_o:T_sat,DELTAT_sub,DELTAT_sup) 
  T_sat = TEMPERATURE(R134A_HA,P=(P_i+P_o)/2,X=0.5) 
  T_sat_sub = TEMPERATURE(R134A_HA,P=P_o,X=0.5) 
  T_sat_sup = TEMPERATURE(R134A_HA,P=P_i,X=0.5) 
  DELTAT_sup = T_i-T_sat_sup 
  DELTAT_sub = T_sat_sub-T_o 
END 
 
{Calculate Reynold's number for input mass flux, diameter, and dynamic viscosity} 
PROCEDURE REYN(G,D,mu:Re) 
  Re = G*D/mu 
END 
 
{Gives quality based on enthalpy and pressure or temperature.  Subcooled region has a quality 
of zero, superheat one} 
FUNCTION QUAL(Tr,Pr,Hr) 
PCRIT = P_CRIT(R134A_HA) 
 
dH = ENTHALPY(R134A_HA, P=Pr, X=0) - Hr 
ABSdH = ABS(dH) 
If (ABSdH<=0.51523458975265) then 
QUAL = 0 
else 
 
IF  (Pr>PCRIT) THEN 
QUAL = 100 
ELSE 
  QUAL = QUALITY(R134A_HA,P=Pr,H=Hr) 
ENDIF 
  IF (QUAL < 0.00001)  THEN 
    QUAL = 0.000000 
  ELSE 
    IF (QUAL > 0.99999)  THEN 
      QUAL = 1.000000 
    ELSE 
    ENDIF 




{Gives enthalpy from pressure and temperature or quality and temperature or pressure, 
depending upon zone and calculation method.  Benefit of this subroutine is that it doesn't 
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matter where superheat ends and condensation begins as long as P, T, and X are carried along 
at each node.} 
FUNCTION ENTH(Pr,Tr,Xr) 
IF (Pr >= 3500.0) THEN 




  IF (Xr <= 0)  OR (Xr >= 1)  THEN 
    Tsat = TEMPERATURE(R134A_HA,P=Pr,X=0.5) 
    IF (Tsat=Tr)  THEN 
        ENTH = ENTHALPY(R134A_HA,P=Pr,X=Xr) 
    ELSE 
      ENTH = ENTHALPY(R134A_HA,T=Tr,P=Pr) 
    ENDIF 
  ELSE 
Tcrit = T_CRIT(R134A_HA) 
 If (Tr>=Tcrit) then 
 ENTH = ENTHALPY(R134A_HA, T=Tr, P=Pr) 
 else 
 ENTH = ENTHALPY(R134A_HA,T=Tr,X=Xr) 
 endif 
 
  ENDIF 
END 
 
{Calculate saturation properties based upon saturation temperature} 
PROCEDURE SAT_PROP(T_ref:P_sat,ro_v,ro_l,mu_v,mu_l,k_v,k_l,cp_v,cp_l,h_lv) 
Tcrit = T_CRIT(R134A_HA) 
 If (T_ref>=Tcrit) then 
ro_v=1/VOLUME(R134A_HA,T=Tcrit-10, X=1) 
  ro_l=1/VOLUME(R134A_HA,T=Tcrit-10, X=0) 
  P_sat=PRESSURE(R134A_HA,T=Tcrit-10,x=0.5) 
  h_lv=ENTHALPY(R134A_HA,T=Tcrit-10,X=1)-ENTHALPY(R134A_HA,T=Tcrit-10,X=0) 
 else 
ro_v=1/VOLUME(R134A_HA,T=T_ref,X=1) 
  ro_l=1/VOLUME(R134A_HA,T=T_ref,X=0) 
  P_sat=PRESSURE(R134A_HA,T=T_ref,x=0.5) 
  h_lv=ENTHALPY(R134A_HA,T=T_ref,X=1)-ENTHALPY(R134A_HA,T=T_ref,X=0) 
 endif   
 
 
  mu_v=VISCOSITY(R134A_HA,T=T_ref,P=P_sat-1) 
  mu_l=VISCOSITY(R134A_HA,T=T_ref,P=P_sat+1) 
  k_v=CONDUCTIVITY(R134A_HA,T=T_ref,P=P_sat-1)/1000 
  k_l=CONDUCTIVITY(R134A_HA,T=T_ref,P=P_sat+1)/1000 
  cp_l=SPECHEAT(R134A_HA,T=T_ref,P=P_sat+1) 





{Calculate Fanning friction factor in turbulent and laminar regions for single phase flow} 
PROCEDURE FRI_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
 { f_f_l = 13.33/Re_h 
  D_le = 64/(4*f_f_l*Re_h)*D_h 
  D_ic = 1.5*D_h} 
  {Re_le = Re_h*(D_le/D_h) } {same as 1.2*Re_h} 
{  Re_ic = Re_h*(D_ic/D_h)}  {same as 1.5*Re_h} 
 IF (Re_h*1.35>3000) then   {same as  IF ((Re_le+Re_ic)/2 > 3000)  THEN} 
    Re_eff = 1.5*Re_h 
    D_eff = 1.5*D_h 
  ELSE 
    Re_eff = 1.2*Re_h 
    D_eff =   1.2*D_h 
  ENDIF 
  A = (2.457*LN(1/((7/Re_h)^.9+(.27*epsilon/D_h))))^16 
  B = (37530/Re_h)^16 
  f_f = 2*(((8/Re_h)^12)+(1/(A+B)^(1.5)))^(1/12) 
END 
    
{Gives air side heat transfer coefficient in [W/m^2-K] Chang-Wang correlation} 
PROCEDURE 
H_AIR(Ta,Pa,Wa,vel,AR,ThetaLo,Lp,Fp,F1,Td,L1,Tp,Finth,K_fin:hair,etaf,etaa,Re_air) 
  muair=VISCOSITY(AIRH2O,T=Ta,P=Pa,W=Wa) 
  rho=DENSITY(AIRH2O,T=Ta,P=Pa,W=Wa) 
  kair=CONDUCTIVITY(AIRH2O,T=Ta,P=Pa,W=Wa)/1000 
  cpair=SPECHEAT(AIRH2O,T=Ta,P=Pa,W=Wa) 
  Re_air=vel*rho*Lp/muair 
  ff=(ThetaLo/90)^0.27*(Fp/Lp)^(-0.14)*(F1/Lp)^(-0.29)*(Td/Lp)^(-0.23)*(L1/Lp)^0.68*(Tp/Lp)^(-
0.28)*(Finth/Lp)^(-0.05) 
  n=.49 
  j=Re_air^(-n)*ff 
  Prair=muair*cpair/kair 
  St=j*Prair^(-2/3) 
  hair=St*rho*vel*cpair*1000 
  ML=(2*hair/(K_fin*Finth))^(0.5)*(F1/2-Finth) 
  etaf=TANH(ML)/ML 
  etaa=1-AR*(1-etaf) 
END 
    
{Calculate single phase heat transfer coefficient in [W/m^2-K] based upon single phase 
correlations} 
PROCEDURE H_REF_SP(f_f_q,T_ref,P_ref,D_eff,L,L_m,A_ref_CS,Re_eff:h)   
  mu=VISCOSITY(R134A_HA,T=T_ref,P=P_ref) 
  k=CONDUCTIVITY(R134A_HA,T=T_ref,P=P_ref)/1000 
  cp=SPECHEAT(R134A_HA,T=T_ref,P=P_ref) 
  Pr=mu*cp/k 
  Nu =(4*f_f_q/8)*(Re_eff-1000)*Pr/(1+12.7*((4*f_f_q/8)^.5)*((Pr^(2/3))-1))*(1+(D_eff/L)^(2/3)) 
{Gnielinski Nu Correlation} 




{Calculate two phase heat transfer coefficient in [W/m^2-K] based upon Dobson correlation} 
PROCEDURE H_REFRIG_TP(T_ref,x1,D_h,L_m,A_port,G,T_air_i,twophase_code:h,Re_l_h) 
 if (x1=>1) then 
x1=0.99999 
endIF 
  if (x1<=0) then 
x1=0.0001 
endif 
a = 2.22 
  n = 0.889 
  C_1 = 0.023 
  r = 0.8 
  s = 0.4 
  grav = 9.8006 
P_crit_r134a=P_CRIT(R134A_HA) { Pc for R134a} 
  CALL Sat_Prop(T_ref:P_sat,ro_v,ro_l,mu_v,mu_l,k_v,k_l,cp_v,cp_l,h_lv) 
  CALL REYN((G*(1-x1)),D_h,mu_l:Re_l_h) 
  CALL REYN(G,D_h,mu_v:Re_vo_h) 
  CALL REYN(G,D_h,mu_l:Re_lo_h) 
  T_wall = T_air_i+0.75*(T_ref-T_air_i)  {gross approximation for the true wall temperature, 
avoids implicit evaluation} 
  Pr_l = mu_l*cp_l/k_l 
  Ga = grav*ro_l*(ro_l-ro_v)*(D_h^3)/(mu_l^2) 
  Ja_l = cp_l*ABS(T_ref-T_wall)/h_lv 
  Fr_l = ((G/ro_l)^2)/(grav*D_h) 
  IF (Fr_l <= 0.7)  THEN 
    c1 = 4.172+(5.48*Fr_l)-(1.564*(Fr_l^2)) 
    c2 = 1.773-(0.169*Fr_l) 
  ELSE 
    c1 = 7.242 
    c2 = 1.655 
  ENDIF 
  Xttq = ((ABS((1-x1)/x1))^0.875)*(ABS((mu_l/mu_v))^0.1)*(ABS((ro_v/ro_l))^0.5) 
  F_tp = 1+a/(Xttq^n) 
  Ft = SQRT((G^2*x1^3)/((1-x1)*ro_v^2*grav*D_h)) 
  alpha = (1+1/Ft+Xttq)^(-0.321) 
  m = A_port*L_m*(ro_v*alpha+ro_l*(1-alpha)) 
  phi_l = (1.376+c1/(Xttq^c2))^0.5 
  Nu_forced = 0.0195*(Re_l_h^0.8)*(Pr_l^0.4)*phi_l 
  Nu_Shah = 0.023*(Re_lo_h^0.8)*(Pr_l^0.4)*(((1-x1)^(0.8))+(3.8*(x1^0.76)*(1-x1)^0.04)/ 
((P_sat/P_crit_r134a)^0.38)) 
  IF (Re_l_h <= 1250)  THEN 
    Fr_so = 0.025*(Re_l_h^1.59)*(((1+1.09*(Xttq^0.039))/Xttq)^1.5)/(Ga^0.5) 
  ELSE 
    Fr_so = 1.26*(Re_l_h^1.04)*(((1+1.09*(Xttq^0.039))/Xttq)^1.5)/(Ga^0.5) 
  ENDIF 
  IF (twophase_code = 1)  THEN 
    Nu = C_1*(Re_l_h^r)*(Pr_l^s)*F_tp 
  ELSE 
    IF (twophase_code = 2)  THEN 
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      Nu = 0.23*(Re_vo_h^0.12)/(1+1.11*(Xttq^0.58))*((Ga*Pr_l/Ja_l)^0.25)+(ARCCOS(2*alpha-
1)/180)*Nu_forced 
    ELSE 
      IF (twophase_code = 4)  THEN 
        Nu = Nu_Shah 
      ELSE 
        IF (G < 500) THEN 
          IF (Fr_so <= 20) THEN 
            Nu = 
0.23*(Re_vo_h^0.12)/(1+1.11*(Xttq^0.58))*((Ga*Pr_l/Ja_l)^0.25)+(ARCCOS(2*alpha-
1)/180)*Nu_forced 
          ELSE 
            Nu = C_1*(Re_l_h^r)*(Pr_l^s)*F_tp 
          ENDIF 
        ELSE 
          Nu = C_1*(Re_l_h^r)*(Pr_l^s)*F_tp 
        ENDIF 
      ENDIF 
    ENDIF   
  ENDIF   
  h=Nu*k_l/D_h*1000 
END 
 
{Calculate pressure drop between two points in single phase region} 
FUNCTION DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref) 
  v = VOLUME(R134A_HA,T=T_ref,P=P_ref) 
  DELTAP_SP := f_f*2*(G^2)*v*(L/D_h)/1000 
END 
 
{Calculate pressure drop between two points in two phase region} 
FUNCTION DELTAP_TP(L,D_h,G,Tr,Pr,x1,x2,epsilon) 
  IF (x2 < 0.001)  THEN 
    DELTAP_TP = 0 
  ELSE 
    P_sat = PRESSURE(R134A_HA, T=Tr,x=.5) 
    ro_v=1/VOLUME(R134A_HA,T=Tr,X=1) 
    ro_l=1/VOLUME(R134A_HA,T=Tr,X=0) 
    mu_v=VISCOSITY(R134A_HA,T=Tr,P=P_sat-1) 
    mu_l=VISCOSITY(R134A_HA,T=Tr,P=P_sat+1) 
    CALL REYN(G,D_h,mu_l:Re_lo) 
    x_ave = (x1+x2)/2 
if (x_ave>1) then 
x_ave=0.999 
endif 
    alpha1 = 1/(1+((1-x1)/x1)*(ro_v/ro_l)^(2/3)) 
    alpha2 = 1/(1+((1-x2)/x2)*(ro_v/ro_l)^(2/3)) 
 
    Xtt = ((ABS((1-x_ave)/x_ave))^0.875)*(ABS((mu_l/mu_v))^0.125)*(ABS((ro_v/ro_l))^0.5) 
    Gamma = ((ro_l/ro_v)^(0.5))*((mu_v/mu_l)^(0.125)) 
    f_lo = (1/12.96)/((LOG10((6.9/Re_lo)+(epsilon/D_h/3.7)^1.11))^2) 
    DELTAP_lo = 2*f_lo*(G^2)*L/ro_l/D_h/1000 
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    {DELTAP_f = DELTAP_lo/(xo-xi)*INTEGRAL((1+(Gamma^2-
1)*(x^1.75)*(1+0.9524*Gamma*Xtt^0.4126)),x,x1,x2)} 
    B = 
x2+.36363636363636*x2^(11/4)*Gamma^2+.346327272727272727*x2^(11/4)*Gamma^3*Xtt^(20
63/5000)-.36363636363636*x2^(11/4)-.346327272727272727*x2^(11/4)*Gamma*Xtt^(2063/5000) 
    A = 
x1+.36363636363636*x1^(11/4)*Gamma^2+.346327272727272727*x1^(11/4)*Gamma^3*Xtt^(20
63/5000)-.36363636363636*x1^(11/4)-.346327272727272727*x1^(11/4)*Gamma*Xtt^(2063/5000) 
    DELTAP_f = DELTAP_lo/(x2-x1)*(B-A) 
    IF (alpha2 = 0)  THEN 
      DELTAP_ac = (G^2)/1000*(-(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
    ELSE 
      IF (alpha2 = 1)  THEN 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2)))-(((x1^2)/(ro_v*alpha1))+(((1-
x1)^2)/(ro_l*(1-alpha1))))) 
      ELSE 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2))+(((1-x2)^2)/(ro_l*(1-alpha2))))-
(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
      ENDIF 
    ENDIF 
    DELTAP_TP := DELTAP_f + DELTAP_ac 
  ENDIF 
END 
 




  IF (x1 < 0.00001)  THEN 
    x1 = 0 
  ELSE 
  ENDIF 
 
IF  (x1 <= 0.00001)  OR (x1  =>1)  THEN 
    P_ref_star = P_ref 
    Tsat = TEMPERATURE(R134A_HA,P=P_ref,X=0.5) 
    IF (T_ref=Tsat)  THEN 
      IF (x1 = 0)  THEN 
        P_ref_star = Psat+1 
      ELSE 
        P_ref_star = Psat-1 
      ENDIF 
    ELSE 
    ENDIF 
    mu = VISCOSITY(R134A_HA,T=T_ref,P=P_ref_star) 
    CALL REYN(G,D_h,mu:Re_h) 
    CALL FRI_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
    CALL H_REF_SP(f_f,T_ref,P_ref_star,D_eff,L_cnd,L,A_port,Re_eff:h_c_ref)   
    P_next = P_ref - DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref_star) 
  ELSE 
    CALL  h_refrig_TP(T_ref,x1,D_h,L,A_port,G,T_air_i,twophase_code:h_c_ref,Re_eff) 
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    P_next = P_ref - DELTAP_TP(L,D_h,G,T_ref,P_ref,x1,x2,epsilon) 




{------------------------------------Start of Program-----------------------------------------} 
 
P_crit_r134a=P_CRIT(R134A_HA) { Pc for R134a} 
MW_r134a=102.03     { Molecular weight for R134a} 
 
{ Dimensions for Condenser} 
 
N_ports = 10  {number of ports in each tube} 
D_char = 1.9849/1000  {characteristic length of port shape [m] - length of diagonal of 
rectangular port} 
Port_height = 1.3/1000 
Port_width = 1.5/1000 
Height_cond= 14.375*0.0254  {Condenser  height [m]} 
Width_cond= 530/1000 { Effective condenser width [m]} 
Depth_cond= .950*0.0254 {Condenser slab depth [m]} 
tubelength = 564/1000 {total length to microcahnnel tubes, includes some non-finned area near 
header} 
Thickness_tube=2.025/1000 {tube minor diameter [m]} 
N_fpc=Width_cond/Pitch_fin {Fin number per effective condenser  width}  
 
Theta_louver=23 {louver angle [deg]} 
Pitch_louver= 1.7/1000 {louver pitch [m]} 
Pitch_fin=  1.2/1000 {fin pitch [m]} 
Height_fin=  8.1/1000 {fin height, distance between the tubes [m]} 
Depth_tube= 20.16/1000 {tube major diameter[m]} 
Length_louver=6.4/1000  {louver height {length} [m]} 
Pitch_tube=Height_fin+Thickness_tube {tube pitch [m]} 
Thickness_fin=0.119/1000 {thickness of fin [m]} 
 
Lt = Height_fin+Thickness_tube { Inverse of tube pitch [m]} 
Depth_fin=Depth_cond { depth of fin, core depth  [m]} 
 
K_fin=174     {conductivity of  fin material   [W/m-K] } 
Height_header1 = 0.254  {inner heighth of header section 1 [m]} 
L_outlet_from_bottom = 1.25*(.0254)  {distance of outlet port of second pass from bottom of 
condenser [m]} 
D_header = 19/1000  {inner diameter of header sections [m]} 
epsilon_port = 0.000005  {absolute roughness of port tube length} 
twophase_code = 3  {flag for two phase correlation, 1 for annular, 2 for wavy, 3 to decide 
appropriate correlation using Dobson's criteria, and 4 for Shah's 1978 Correlation} 
 
 
Area_fin_CS = Thickness_fin*Height_fin*N_fpc*(N_tubes+1) 
Area_tubes_CS = (tubelength - D_header/2*2)*Thickness_tube*N_tubes  {crosssectional area of 
tubes as exposed to air flow} 
Area_cond_CS=Height_cond*(tubelength-D_header/2*2)   {total condenser face area} 
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A_air_face=Area_cond_CS -Area_tubes_CS-Area_fin_CS   {condenser air face area - free flow 
area} 
A_air_tubes=(tubelength)*(2*Depth_tube+2*Thickness_tube)*N_tubes  {heat transfer tube area 
exposed to flow} 
A_air_fin=  Height_fin*Depth_fin*N_fpc*(N_tubes+1)*2  {heat transfer fin area exposed to flow} 
Al=Length_louver*Depth_tube*N_fpc*2*(N_tubes+1)    {Louver surface area} 
A_air=A_air_tubes+A_air_fin   {condenser air side area} 
sigma=A_air_face/Area_cond_CS   {core free-flow to frontal area ratio } 
 
Volume_core=Area_cond_CS*Depth_cond   {core volume} 
 
D_port_h = 4*Port_width*Port_height/(2*Port_width +2*Port_height)  {hydraulic diameter = 
4*Area/Perimeter } 
A_ref =A_ref_web + A_ref_tube {refrigerant side heat transfer area} 
A_ref_web = (N_ports-1)*2*Port_height*Width_cond*N_tubes 
A_ref_tube = (2*Port_width) *(N_ports-2)*Width_cond*N_tubes 
+(1.3*2+2*0.7*PI*136.4/360)/1000*2*Width_cond*N_tubes 
A_ref_CS = (Port_width*Port_height)*N_ports*N_tubes {refrigerant side cross sectional area - 
perpendicular to flow for entire HX'er - not each tube or each pass} 
AR=A_air_fin/A_air   {ratio of fin area to total airside heat transfer area} 
RR=A_ref_web/A_ref {ratio of web area to total refrigerant side heat transfer area} 
eta_fin_air = 
TANH(Height_fin/2*SQRT(2*h_c_air/K_fin/Thickness_fin))/(Height_fin/2*SQRT(2*h_c_air/K_fin
/Thickness_fin)) {airside fin efficiency} 
eta_air_o = 1-AR*(1-eta_fin_air) 
Length_web = Port_height {1.044/1000}{1.636/1000} {Length of webbing.  Used to calculate fin 
efficiency of interior of microchannel tubes} 
Thickness_web = (7*0.35+2*0.4)/9/1000  {Thickness of webbing.  Used to calculate fin efficiency 
of interior of microchannel tubes} 
N_passes = 5  {number of passes} 
N_modules = 20  {number of modules--finite difference mesh control volumes--in first 3 passes} 
N_modules_L=14 {number of modules--finite difference mesh control volumes--in passes 4 and 
5} 
N_tubes= 35  {38} {Number of tubes} 
N_tubes[1]=12  {number of tubes in first pass} 
N_tubes[2]=8  {number of tubes in second pass} 
N_tubes[3]=6  {number of tubes in third pass} 
N_tubes[4]=5  {number of tubes in fourth pass} 
N_tubes[5]=4 {number of tubes in fifth pass} 
 
Length_modules = Width_cond/N_modules   {length--refrigerant flow direction--of each control 
volume, in first 3 passes} 
Length_modules_L= Width_cond/N_modules_L {length--refrigerant flow direction--of each 
control volume in last 2 passes} 
 
{calculate quantities that do not vary within each pass} 
DUPLICATE i=1,N_passes-2 
  A_air[i]=A_air*(N_tubes[i]/N_tubes)/N_modules  {air side heat transfer area for each module} 
  A_ref_port[i]=A_ref*(N_tubes[i]/N_tubes)/N_modules {refrigerant side heat transfer area for 
each module - not each port!} 
 236 
  m_dot_air[i]=m_dot_air*(N_tubes[i]/N_tubes)/N_modules  {air side flow rate through each 
control volume} 
  A_ref_CS[i]=A_ref_CS*(N_tubes[i]/N_tubes) {air side cross section of each module} 




  A_air[i]=A_air*(N_tubes[i]/N_tubes)/N_modules_L  {air side heat transfer area for each 
module} 
  A_ref_port[i]=A_ref*(N_tubes[i]/N_tubes)/N_modules_L {refrigerant side heat transfer area 
for each module - not each port!} 
  m_dot_air[i]=m_dot_air*(N_tubes[i]/N_tubes)/N_modules_L {air side flow rate through each 
control volume} 
  A_ref_CS[i]=A_ref_CS*(N_tubes[i]/N_tubes) {air side cross section of each module} 
  G[i]=m_dot_ref/A_ref_CS[i]  {mass flux through each contol volume} 
END 
 
v_air=VOLUME(AIR,T=T_air_i,P=P_atmos - DPca)   {air specific volume, [m^3/kg]} 
Vel_air=m_dot_air*v_air/A_air_face   {air velocity, [m/sec]} 
 







P_ref[0] = P_cnd_i {Inlet pressure from experimental measurement} 
T_ref[0] = T_cnd_i   {inlet temperature from experimental measurement, [C]} 
h_ref[0] =  ENTH(P_ref[0],T_ref[0],1)   {calculate refrigerant inlet enthalpy, [kJ/kg]} 






x_ref[j] = QUAL(T_ref[j],P_ref[j],h_ref[j]) {calculate quality at node j} 
h_ref[j] = ENTH(P_ref[j],T_ref[j],x_ref[j]) {calaculate enthapy at node j} 
    DT_sub[j] = TEMPERATURE(R134A_HA,P=P_ref[j], X=0.5) - T_ref[j] {sub-cooling at node 
j} 
 DT_T[j] = T_ref[j-1] - T_ref[j] {Refrigerant side temperature drop due to heat thansfer and 
pressure drop between nodes j and j-1} 
 
  CALL H_REF_SELECT(T_ref[j-1],P_ref[j-1],x_ref[j-
1],x_ref[j],D_port_h,G[1],epsilon_port,Length_modules,Width_cond, 
A_ref_CS[1],T_air_i_louver,twophase_code:h_c_ref[j-1], P_ref[j],Re_eff[j-1])  
{Select heat transfer coefficient based on quality/enthalpy or temperature and pressure.  
Calculate pressure drop for single or two phase flow} 





{Refrigerant side resistance with fin efficiencies} 
 
  UA[j] = 1/(R_air[j]+R_ref[j] ) 
 
  U_air_pred[j] = UA[j]/A_air[1] 
 
{three HX equations} 
  Q_dot[j]=m_dot_ref*(h_ref[j-1]-h_ref[j]) {Refrigerant side} 
exponential[j] = ((T_ref[j-1]-T_air_o[j])-(T_ref[j]-T_air_i_louver))/Q_dot[j]*UA[j] 
T_air_o[j]=T_ref[j-1]-(T_ref[j]-T_air_i_louver)*EXP(EXPonential[j]) {Heat exchanger side} 
 
  Q_dot[j]=m_dot_air[1]*(ENTHALPY(AIRH2O,W=WcN,T=T_air_o[j],P=P_atmos - DPca)-










{pass 1 totals} 
Q_dot_pass[1] = SUM(Q_dot[k],k=1,N_modules) 








P_ref[d] = P_ref[a-1] 
 





 DT_sub[j] = TEMPERATURE(R134A_HA,P=P_ref[j], X=0.5) - T_ref[j] 
 DT_T[j] = T_ref[j-1] - T_ref[j] 
 
  h_ref[j] = ENTH(P_ref[j],T_ref[j],x_ref[j]) 
   x_ref[j] = QUAL(T_ref[j],P_ref[j],h_ref[j]) 
 









  UA[j] = 1/(R_air[j]+R_ref[j] ) 
  U_air_pred[j] = UA[j]/A_air[2] 
 
{three HX equations} 
  Q_dot[j]=m_dot_ref*(h_ref[j-1]-h_ref[j]) 
 
exponential[j] = ((T_ref[j-1]-T_air_o[j])-(T_ref[j]-T_air_i_louver))/Q_dot[j]*UA[j] 
T_air_o[j]=T_ref[j-1]-(T_ref[j]-T_air_i_louver)*EXP(EXPonential[j]) 
 







{pass 2 totals} 
Q_dot_pass[2] = SUM(Q_dot[k],k=e,f) 
U_air_pred_pass[2] = SUM(U_air_pred[k],k=e,f)*1000 
 
g = f+1 
h = f+N_modules 
 
{pass 3 - pass 2 ends at node f, pass 3 ends at node h} 
 
DUPLICATE j=g,h 
 DT_sub[j] = TEMPERATURE(R134A_HA,P=P_ref[j], X=0.5) - T_ref[j] 
 DT_T[j] = T_ref[j-1] - T_ref[j] 
 
  h_ref[j] = ENTH(P_ref[j],T_ref[j],x_ref[j]) 
   x_ref[j] = QUAL(T_ref[j],P_ref[j],h_ref[j]) 
 








  UA[j] = 1/(R_air[j]+R_ref[j] ) 
 
 
  U_air_pred[j] = UA[j]/A_air[3] 
 
{three HX equations} 
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  Q_dot[j]=m_dot_ref*(h_ref[j-1]-h_ref[j]) 
 
exponential[j] = ((T_ref[j-1]-T_air_o[j])-(T_ref[j]-T_air_i_louver))/Q_dot[j]*UA[j] 
T_air_o[j]=T_ref[j-1]-(T_ref[j]-T_air_i_louver)*EXP(EXPonential[j]) 
 




{pass 3 totals} 
Q_dot_pass[3] = SUM(Q_dot[k],k=g,h) 
U_air_pred_pass[3] = SUM(U_air_pred[k],k=g,h)*1000 
 
m= h+1 
n = h+N_modules_L 
 
{pass 4 - pass 3 ends at node h, pass 4 ends at node n} 
 
DUPLICATE j=m,n 
 DT_sub[j] = TEMPERATURE(R134A_HA,P=P_ref[j], X=0.5) - T_ref[j] 
 DT_T[j] = T_ref[j-1] - T_ref[j] 
 
  h_ref[j] = ENTH(P_ref[j],T_ref[j],x_ref[j]) 
   x_ref[j] = QUAL(T_ref[j],P_ref[j],h_ref[j]) 
 








  UA[j] = 1/(R_air[j]+R_ref[j] ) 
 
  U_air_pred[j] = UA[j]/A_air[4] 
 
{three HX equations} 
  Q_dot[j]=m_dot_ref*(h_ref[j-1]-h_ref[j]) 
 
exponential[j] = ((T_ref[j-1]-T_air_o[j])-(T_ref[j]-T_air_i_louver))/Q_dot[j]*UA[j] 
T_air_o[j]=T_ref[j-1]-(T_ref[j]-T_air_i_louver)*EXP(EXPonential[j]) 
 




{pass 4 totals} 
Q_dot_pass[4] = SUM(Q_dot[k],k=m,n) 




o = n+1 
p = n+N_modules_L 
{pass 5 - pass 4 ends at node n, pass 5 ends at node p} 
 
DUPLICATE j=o,p 
 DT_sub[j] = TEMPERATURE(R134A_HA,P=P_ref[j], X=0.5) - T_ref[j] 
 DT_T[j] = T_ref[j-1] - T_ref[j] 
 
  h_ref[j] = ENTH(P_ref[j],T_ref[j],x_ref[j]) 
   x_ref[j] = QUAL(T_ref[j],P_ref[j],h_ref[j]) 
 








  UA[j] = 1/(R_air[j]+R_ref[j] ) 
 
 
  U_air_pred[j] = UA[j]/A_air[5] 
 
{three HX equations} 
  Q_dot[j]=m_dot_ref*(h_ref[j-1]-h_ref[j]) 
 
exponential[j] = ((T_ref[j-1]-T_air_o[j])-(T_ref[j]-T_air_i_louver))/Q_dot[j]*UA[j] 
T_air_o[j]=T_ref[j-1]-(T_ref[j]-T_air_i_louver)*EXP(EXPonential[j]) 
 




{pass 5 totals} 
Q_dot_pass[5] = SUM(Q_dot[k],k=o,p) 
U_air_pred_pass[5] = SUM(U_air_pred[k],k=o,p)*1000 
 
{overall condenser totals} 
DELTAP_ref_cond_pred = P_cnd_i-P_ref[p]  {total pressure drop across condenser [kPa]} 
Q_dot_cond_pred = SUM(Q_dot_pass[i],i=1,N_passes)  {total heat transfered by condenser 
[kW]} 
h_exit_air = ENTHALPY(AIRH2O, T=T_air_i, P=Pa, W=WcN) + Q_dot_cond_pred/m_dot_air 
T_air_o_pred = TEMPERATURE(AIRH2O, P=Pa, W=WcN, H = h_exit_air) 
 
U_air_cond_pred = SUM(U_air_pred_pass[i],i=1,3)/(3*N_modules)  
+SUM(U_air_pred_pass[i],i=4,5)/(2*N_modules_L)  {condenser heat transfer coefficient  
[W/m^2-K]} 
 
P_ref_out = P_ref[p] 
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T_ref_out = T_ref[p] 
x_ref_out = x_ref[p] 
h_ref_out =  h_ref[p] 
DT_sub_ref_out =DT_sub[p] 
 
{-----------2nd Section Calculates Parameters from Measured Quantities---------------} 
{ii = 115 {row in lookup table to take data from if solving just equations, not from parametric 
table}} 
A$ = LOOKUP$(ii,'A$')  {filename of data that is being modeled} 
T_air_i = LOOKUP(ii,'Tcai')  {average air inlet temperature to condenser in deg C} 
Tcn1=LOOKUP(ii,'Tcn2')   {nozzle 1 throat temp in deg C} 
Nozzle_DP = LOOKUP(ii,'DPcn')/1000   {nozzle pressure difference in kPa} 
RHc=0.4 {rel. humid.} 
P_atmos = Pstand  {atmospheric pressure in kPa} 
DT_sub_meas_o = TEMPERATURE(R134A_HA, P=P_cnd_o, X=0) - T_cnd_o 
Pstand=101.325   {Standard Pressure [kPa]} 
Noz1Diam = 0.15250 /0.0254  {nozzle throat diameter [in]} 
CondArea = Width_cond*Height_cond   {condenser face area in m^2} 
Duct_cond_area = CondArea  
DPca = LOOKUP(ii,'DPca')/1000 {condenser air side pressure drop in kPa} 
m_dot_ref =LOOKUP(ii,'mr')/1000  {R_134a mass flow rate in kg/sec} 
T_cnd_i = LOOKUP(ii,'Tcri')  {R_134a inlet temp to condenser in deg C} 
P_cnd_o = LOOKUP(ii,'Pcro')  {R_134a outlet pressure from condenser in kPa} 
DPcr = LOOKUP(ii,'DPcr')  {R_134a pressure drop across condenser in kPa} 
AFR_m3_Cond = lookup(ii,'AFR_m3_Cond') {air flow rate [m^3/s]} 
P_cnd_i = P_cnd_o+DPcr  {R_134a condenser outlet pressure in kPa} 
T_cnd_o = lookup(ii,'Tcro') {R_134a condenser outlet refrigerant temperature in C} 
WcN=HUMRAT(airH2O,T=T_air_i,P=P_atmos,R=RHc)  {room humidity  ratio , also equal to 
nozzle and wind tunnel humidity ratio} 
Pcn=P_atmos-Nozzle_DP - DPca {absolute discharge nozzle pressure in kPa} 
Pa=P_atmos - DPca   {pressure at nozzles' entrance in kPa} 
{nozzle entrance calculated temperature in deg C from 1st law equations} 
T_ae_ave = TEMPERATURE(airH2O,P=Pa,W=WcN, 
H=(ENTHALPY(airH2O,T=Tcn1,P=Pcn,W=WcN)+ 0.0005*(Velc1^2 - Velcond_l_SI^2))) 
Velc1 = qca/Anc1 
qca = qca_b 
qca= m_dot_air*VOLUME(airH2O,P=Pa,T=T_air_i,W=WcN) {condenser entrance total flow rate 
in m^3/sec} 
Velcond_h_SI  =  m_dot_air*VOLUME(airH2O,P=P_atmos - 
DPca,T=T_air_i,W=WcN)/Duct_cond_area {condenser high side air velocity in m/sec} 
Velcond_l_SI = m_dot_air*VOLUME(airH2O,P=Pa,T=T_ae_ave,W=WcN)/Duct_cond_area  
{condenser  low side air velocity in m/sec} 
Velcond_face_SI = m_dot_air*VOLUME(airH2O,P=P_atmos - 
DPca,T=T_air_i,W=WcN)/CondArea   {condenser approach face velocity in m/sec, temp and 
pressure approximated as equal to that before contraction} 









Diac1 = Noz1Diam*.0254   {nozzle 1 diameter [m]} 
Anc1=PI*(Diac1^2)/4  {nozzle 1 throat area [m^2]} 
ro_1 = 1/(VOLUME(airH2O,P=Pcn,T=Tcn1,W=WcN))  {nozzle 1 average density} 




C_n1 = .9986-7.006/((Re_D_h_1)^.5)+134.6/Re_D_h_1 
{nozzle pressure drop [kPa], equations come from Bernoulli's equation with theoretical nozzle 
throat velocities} 
Velcond_l_SI_b = mca1_b*VOLUME(airH2O,P=Pa,T=T_ae_ave,W=WcN)/Duct_cond_area  
{condenser  low side air velocity in m/sec} 
Nozzle_DP = 0.5*(ro_1*Velc1_t^2)*(1-(Velcond_l_SI_b/Velc1_t)^2)/1000 
ro_noz1 =1/VOLUME(airH2O,P=Pcn,T=Tcn1,W=WcN)  {density of air at nozzle 1 exit plane 
[kg/m^3]} 
mca1_b = C_n1*ro_noz1*Velc1_t*Anc1  {actual mass flow rate nozzle 1  [kg/sec]} 
Velc1_b = C_n1*Velc1_t   {nozzle 1 exit velocity [m/sec]} 
qca_b = mca1_b*VOLUME(airH2O,P=Pa,T=T_air_i,W=WcN) 
{refrigerant side heat transfer [kW]} 
Q_dot_cond_ref = m_dot_ref*(enthalpy(r134a_ha,T=T_cnd_i, P=P_cnd_i) - 
ENTH(P_cnd_o,T_cnd_o,0)) 
{air side heat transfer, exit air control volume planes at nozzle exits [kW]} 
Q_dot_cond_air = m_dot_air*(ENTHALPY(airH2O,T=Tcn1,P=Pcn,W=WcN) - 
ENTHALPY(airH2O,T=T_air_i,P=P_atmos,W=WcN))  
{calorimetric chamber balance from lookup table} 
Q_dot_cond = -LOOKUP(ii,'Q_cond1')  
T_sat =temperature(r134a_ha, P=P_cnd_i, X=0.5) 
LMTD_cond = (T_ae_ave-T_air_i)/ln((T_sat-T_air_i)/(T_sat-T_ae_ave)) 
U_air_cond_exp_lmtd = Q_dot_cond_ref/LMTD_cond/A_air*1000 
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Appendix F: Internal Heat Exchanger Model 
This appendix contains the simulation model for an R134a coaxial counterflow internal heat exchanger 
(IHX).  The IHX is described in more detail in Appendix A.  The model was written in Engineering Equation Solver 
(EES) Academic version 6.036.  Comments are enclosed in braces {} or quotes “”. 
 
{-------------------------------------------------- Procedures --------------------------------------------------} 
{Gives quality based on enthalpy and pressure or temperature.  Subcooled region has a quality 
of zero, superheat one} 
FUNCTION QUAL(Tr,Pr,Hr) 
PCRIT = P_CRIT(R134a_ha) 
IF  (Pr>PCRIT) THEN 
QUAL = 100 
ELSE 
    hliq = enthalpy(R134a_ha,p = Pr,X=0.00000000000) 
    IF (hliq=Hr) THEN QUAL = -1.00000000000 
 
    hvap = enthalpy(R134a_ha, P=Pr, X=1.00000000000) 
    IF (hvap = Hr) THEN QUAL = 2.0000000 
 
QUAL = QUALITY(r134a_ha, P=Pr, H=Hr) 
ENDIF 
  IF (QUAL <= 0.000000000)  THEN 
    QUAL = 0.000000 
  ELSE 
    IF (QUAL => 1)  THEN 
      QUAL = 1.000000 
    ELSE 
    ENDIF 
  ENDIF 
END 
 
{determines refrigerant temperature to use as input to model} 
Function TEMP(P1,X1,T1) 
 
IF (X1>=1.00) THEN 
 TEMP = T1 
ELSE 




{Gives enthalpy from pressure and temperature or quality and temperature or pressure, 
depending upon zone and calculation method} 
FUNCTION ENTH(Pr,Tr,Xr) 
 IF (Xr <= 0)  THEN  Xr: = 0 
 IF (Xr >= 1)  THEN Xr:=1 
  IF (Xr <= 0)  OR (Xr >= 1)  THEN 
    tsat = temperature(R134a_ha,p = Pr,X=0.5) 
    Psat = pressure(r134a_ha, T=Tr, X=0.5) 
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    IF (tsat=Tr) or (Psat = Pr)  THEN 
        ENTH = ENTHALPY(R134a_ha,T=Tr,X=Xr) 
    ELSE 
      ENTH = ENTHALPY(R134a_ha,T=Tr,P=Pr) 
    ENDIF 
  ELSE 
 ENTH = ENTHALPY(R134a_ha,T=Tr,X=Xr) 
  ENDIF 
END 
 
{Gives entropy from pressure and temperature or quality and temperature or pressure, 
depending upon zone and calculation method} 
FUNCTION ENTROP(Pr,Tr,Xr) 
IF (Pr >= 3500.0) THEN 




  IF (Xr <= 0)  OR (Xr >= 1)  THEN 
    Tsat = TEMPERATURE(R134a_ha,P=Pr,X=0.5) 
    IF (Tsat=Tr)  THEN 
        ENTROP = ENTROPY(R134a_ha,P=Pr,X=Xr) 
    ELSE 
      ENTROP = ENTROPY(R134a_ha,T=Tr,P=Pr) 
    ENDIF 
  ELSE 
Tcrit = T_CRIT(R134a_ha) 
 If (Tr>=Tcrit) then 
 ENTROP = ENTROPY(R134a_ha, T=Tr, P=Pr) 
 else 
 ENTROP = ENTROPY(R134a_ha,T=Tr,X=Xr) 
 endif 
 
  ENDIF 
END 
 
{Calculate saturation properties based upon saturation temperature} 
PROCEDURE SAT_PROP(T_ref:P_sat,ro_v,ro_l,mu_v,mu_l,k_v,k_l,cp_v,cp_l,h_lv) 
ro_v=1/VOLUME(R134a_ha,T=T_ref,X=1) 
  ro_l=1/VOLUME(R134a_ha,T=T_ref,X=0) 
  P_sat=PRESSURE(R134a_ha,T=T_ref,x=0.5) 
  h_lv=ENTHALPY(R134a_ha,T=T_ref,X=1)-ENTHALPY(R134a_ha,T=T_ref,X=0) 
  mu_v=VISCOSITY(R134a_ha,T=T_ref,P=P_sat-1) 
  mu_l=VISCOSITY(R134a_ha,T=T_ref,P=P_sat+1) 
  k_v=CONDUCTIVITY(R134a_ha,T=T_ref,P=P_sat-1)/1000 {kW/(m-K)} 
  k_l=CONDUCTIVITY(R134a_ha,T=T_ref,P=P_sat+1)/1000 {kW/(m-K)} 
  cp_l=SPECHEAT(R134a_ha,T=T_ref,P=P_sat+1) 





{Calculate pressure drop between two points in single phase region} 
FUNCTION DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref) 
  v = VOLUME(R134a_ha,T=T_ref,P=P_ref) 
  DELTAP_SP := f_f*2*(G^2)*v*(L/D_h)/1000 
END 
 
{Calculate Reynold's number for input mass flux, diameter, and dynamic viscosity} 
PROCEDURE REYN(G,D,mu:Re) 
  Re = G*D/mu 
END 
 
{Calculate Fanning friction factor in turbulent and laminar regions for single phase flow,  
churchill} 
PROCEDURE FRI_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
  f_f_l = 13.33/Re_h 
  D_le = 64/(4*f_f_l*Re_h)*D_h 
  D_ic = 1.5*D_h 
  Re_le = Re_h*(D_le/D_h) 
  Re_ic = Re_h*(D_ic/D_h) 
  IF ((Re_le+Re_ic)/2 > 3000)  THEN 
    Re_eff = Re_ic  
    D_eff = D_ic 
  ELSE 
    Re_eff = Re_le  
    D_eff = D_le  
  ENDIF 
  A = (2.457*LN(1/((7/Re_h)^.9+(.27*epsilon/D_h))))^16 
  B = (37530/Re_h)^16 
  f_f = 2*(((8/Re_h)^12)+(1/(A+B)^(1.5)))^(1/12) 
END 
 
{Calculate pressure drop between two points in two phase region} 
FUNCTION DELTAP_TP(L,D_h,G,Tr,Pr,x1,x2,epsilon) 
  IF (x2 < 0.001) THEN 
     DELTAP_TP = 0 
ELSE 
 
    P_sat = PRESSURE(R134a_ha, T=Tr,x=.5) 
    ro_v=1/VOLUME(R134a_ha,T=Tr,X=1) 
    ro_l=1/VOLUME(R134a_ha,T=Tr,X=0) 
    mu_v=VISCOSITY(R134a_ha,T=Tr,P=P_sat-5) 
    mu_l=VISCOSITY(R134a_ha,T=Tr,P=P_sat+5) 
    CALL REYN(G,D_h,mu_l:Re_lo) 
    x_ave = (x1+x2)/2 
 
    Xtt = ((ABS((1-x_ave)/x_ave))^0.875)*(ABS((mu_l/mu_v))^0.125)*(ABS((ro_v/ro_l))^0.5) 
    Gamma = ((ro_l/ro_v)^(0.5))*((mu_v/mu_l)^(0.125)) 
    f_lo = (1/12.96)/((LOG10((6.9/Re_lo)+(epsilon/D_h/3.7)^1.11))^2) 
    DELTAP_lo = 2*f_lo*(G^2)*L/ro_l/D_h/1000 
 IF (ABS(x2-x1)<0.05) THEN 
  phi_losqr = 1+(x_ave)^1.75*(Gamma^2-1)*(1+0.9524*Gamma*Xtt^0.4126) 
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  DELTAP_f = DELTAP_lo*phi_losqr 
  ELSE 
    {DELTAP_f = DELTAP_lo/(xo-xi)*INTEGRAL((1+(Gamma^2-
1)*(x^1.75)*(1+0.9524*Gamma*Xtt^0.4126)),x,x1,x2)} 
    B = 
x2+.36363636363636*x2^(11/4)*Gamma^2+.346327272727272727*x2^(11/4)*Gamma^3*Xtt^(20
63/5000)-.36363636363636*x2^(11/4)-.346327272727272727*x2^(11/4)*Gamma*Xtt^(2063/5000) 





    DELTAP_f = DELTAP_lo/(x2-x1)*(B-A) 
ENDIF 
 
 IF (ABS(x2-x1)<0.0501) THEN 
  IF ((x1- x2)>0) THEN 
   x1 = x2+0.0475 
  ELSE 
   x1 = x2-0.0475 
  ENDIF 
 ENDIF 
    alpha1 = 1/(1+((1-x1)/x1)*(ro_v/ro_l)^(2/3)) 
    alpha2 = 1/(1+((1-x2)/x2)*(ro_v/ro_l)^(2/3)) 
    IF (alpha2 = 0)  THEN 
      DELTAP_ac = (G^2)/1000*(-(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
    ELSE 
      IF (alpha2 = 1)  THEN 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2)))-(((x1^2)/(ro_v*alpha1))+(((1-
x1)^2)/(ro_l*(1-alpha1))))) 
      ELSE 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2))+(((1-x2)^2)/(ro_l*(1-alpha2))))-
(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
      ENDIF 
    ENDIF 
    DELTAP_TP := DELTAP_f + DELTAP_ac 




{calculate 2phase friction factor --------------------------------------------------------------------------------
} 
procedure FRICFACT2PH(D_h, m_dot, x1, P_ref, T_ref,config:f_f, f_f2, f_f6) 
$common epsilon  
grav = 9.8006 
a = 2.22 
n = 0.889 
C_1 = 0.023 
r = 0.8 
s = 0.4 
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IF (x1=> 0.9999999) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.0000001)  THEN 






Xtt = ((ABS((1-x1)/x1))^0.875)*(ABS((mu_l/mu_v))^0.1)*(ABS((ro_v/ro_l))^0.5) 
Xttq = Xtt 
F_tp = 1+a/(Xttq^n) 
Ft = SQRT((G^2*x1^3)/((1-x1)*ro_v^2*grav*D_h)) 
 
alpha_newell = (1+1/Ft+Xtt)^(-0.321) 
alpha_zivi = 1/(1+((1-x1)/x1)*(ro_v/ro_l)^(2/3)) 
alpha_butterworth = 1/(1+0.28*(((1-x1)/x1)^0.64)*((ro_v/ro_l)^(0.36))*((mu_l/mu_v)^(0.07))) 
alpha = alpha_newell 
 
P_ref_star = P_ref-1 
Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
IF (T_ref=Tsat)  THEN 
 IF (x1 = 0)  THEN 
  P_ref_star = P_ref+5 
 ELSE 






G_vap = G*alpha 
 
mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star)  {vapor viscosity} 
CALL REYN(G_vap,D_h,mu:Re_h)      {vapor Reynold's number} 






{Calculate inlet pressure drop from evap to IHX -----------------------------------------------------------
-----------------} 




IF (x1=> 0.9999) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.0001)  THEN 
 x1 = 0 
ENDIF 
 
hin = ENTH(P_ref,T_ref, x1) 
vsl = VOLUME(r134a_ha, P=P_ref, H=hin) 
 
IF (config=1) THEN 
L1 = (37+36+11+14+52+9)*0.0254   {First section length} 
D_h = 0.5*0.0254      {inlet pipe diameter} 
Area = PI*D_h^2/4 
G = m_dot/Area 
V_suc = m_dot*vsl/Area 
IF (x1=>1.0) OR (x1<=0) THEN 
  
 mu = VISCOSITY(r134a_ha, T=T_ref, P=P_ref) 
 CALL REYN(G,D_h,mu:Re_h) 
 CALL FRI_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
 dPmajor =  DELTAP_SP(f_f,L1,D_h,G,T_ref,P_ref) 
ELSE 
call fricfact2ph(D_h, m_dot, x1, P_ref, T_ref,config:f_f, f_f2, f_f6) 
{only differenc between F_f6 and f_f2 is relative roughness - gives same results when roughness 




dP3 = f_f6*(L1/D_h)*V_suc^2/2000/vsl 
dP2 = f_f2*(L1/D_h)*V_suc^2/2000/vsl 
dP1 = f_f*(L1/D_h)*V_suc^2/2000/vsl 
dPmajor = dP4 
ENDIF 
 





L1 = (3+11)*0.0254    {length of pipe 0.5 inch inside diameter} 
L2 = (41+23+31+30)*0.0254 {length of pipe 0.625 inch in diameter} 
L3 = (13+9)*0.0254   {length of pipe with half flow rate and 0.5 inch inside diameter}  
D_h1 = 0.5*0.0254   {inlet pipe diameter1} 
D_h2 = 0.625*0.0254   {inlet pipe diameter 2} 
Area1 = D_h1^2/4*PI 
Area2 = D_h2^2/4*PI 
 
V_suc1 = m_dot*vsl/(Area1) 
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V_suc2 = m_dot*vsl/(Area2) 
V_suc3 = V_suc1/2 
 
G1= m_dot/Area1 
G2 = m_dot/Area2 
G3 = m_dot/Area1/2 
 
IF (x1=>1.0) OR (x1<=0) THEN 
  
 mu = VISCOSITY(r134a_ha, T=T_ref, P=P_ref) 
 
 CALL REYN(G1,D_h1,mu:Re_h1) 
 CALL REYN(G2,D_h2,mu:Re_h2) 
 CALL REYN(G3,D_h1,mu:Re_h3) 
 
 CALL FRI_F(Re_h1,D_h1,epsilon:f_f1,Re_eff1,D_eff1) 
 CALL FRI_F(Re_h2,D_h2,epsilon:f_f2,Re_eff2,D_eff2) 
 CALL FRI_F(Re_h3,D_h1,epsilon:f_f3,Re_eff3,D_eff3) 
 
 dP41 =  DELTAP_SP(f_f1,L1,D_h1,G1,T_ref,P_ref) 
 dP42 =  DELTAP_SP(f_f2,L2,D_h2,G2,T_ref,P_ref) 
 dP43 =  DELTAP_SP(f_f3,L3,D_h1,G3,T_ref,P_ref) 
ELSE 
 
CALL FRICFACT2PH(D_h1, m_dot, x1, P_ref, T_ref,config-1:f_f1, f_f21, f_f61) 
CALL FRICFACT2PH(D_h2, m_dot, x1, P_ref, T_ref,config-1:f_f2, f_f22, f_f62) 
CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config:f_f3, f_f23, f_f63) 
{only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
 
dP41= DELTAP_TP(L1,D_h1,G1,T_ref,P_ref,x1,x1,epsilon) 
dP31 = f_f61*(L1/D_h1)*V_suc1^2/2000/vsl 
dP21 = f_f21*(L1/D_h1)*V_suc1^2/2000/vsl 
dP11 = f_f1*(L1/D_h1)*V_suc1^2/2000/vsl 
 
dP42= DELTAP_TP(L1,D_h2,G2,T_ref,P_ref,x1,x1,epsilon) 
dP32 = f_f62*(L2/D_h2)*V_suc2^2/2000/vsl 
dP22 = f_f22*(L2/D_h2)*V_suc2^2/2000/vsl 
dP12 = f_f2*(L2/D_h2)*V_suc2^2/2000/vsl 
 
dP43= DELTAP_TP(L1,D_h1,G3,T_ref,P_ref,x1,x1,epsilon) 
dP33 = f_f63*(L3/D_h1)*V_suc3^2/2000/vsl 
dP23 = f_f23*(L3/D_h1)*V_suc3^2/2000/vsl 
dP13 = f_f3*(L3/D_h1)*V_suc3^2/2000/vsl 
ENDIF 
dPmajor = dP41 + dP42 + dP43 
dPminor = ((1.25 + 2*0.07+0.20)*V_suc2^2+(0.2+0.13)*V_suc3^2)/2000/vsl 
ENDIF 
 
Pslhxi[0] = P_ref - dPmajor-dPminor 
Tslhxi[0] = TEMPERATURE(r134a_ha, P=Pslhxi[0], H = hin) 
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{Calculate outlet pressure drop from IHX to compressor} 
Procedure OUTLETPRESSUREDROP(T_ref, P_ref, x1, 
m_dot,config,epsilon:Trcpi_calc,Prcpi_calc,xrcpi_calc) 
 
IF (x1 => 0.999999) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.0000001)  THEN 
 x1 = 0 
ENDIF 
 
hin = ENTH(P_ref,T_ref, x1) 
vsl = VOLUME(r134a_ha, P=P_ref, H=hin) 
 
IF (config=1) THEN 
L2 = 9*0.0254      {second section length} 
L3 = 4.5*0.0254      {third section length} 
L4 = 63*0.0254      {fourth section length} 
L5 = 29.5*0.0254      {fifth section length} 
L1 = L2+L3+L4+L5 
 
D_h1 = 0.5*0.0254 
Area = D_h1^2/4*PI 
G = m_dot/Area 
V_suc1 = G*vsl 
 
 IF (x1<=0.9999999) THEN 
 
 CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config:f_f1, f_f21, f_f61) 
 {only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
 
 {CALL Press_D(T_ref,x1,f_f61,L1,D_h1,G:dP4)} 
 
 dP4= DELTAP_TP(L1,D_h1,G,T_ref,P_ref,x1,x1,epsilon) 
 dP3 = f_f61*(L1/D_h1)*V_suc1^2/2000/vsl 
 dP2 = f_f21*(L1/D_h1)*V_suc1^2/2000/vsl 
 dP1 = f_f1*(L1/D_h1)*V_suc1^2/2000/vsl 
 
 dPmajor = dP4 
 
 ELSE 
 P_ref_star = P_ref 
 Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
 IF (T_ref=Tsat)  THEN 
  IF (x1 = 0)  THEN 
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   P_ref_star = P_ref+2 
  ELSE 
           P_ref_star = P_ref-2 
  ENDIF 
 ELSE 
 ENDIF 
 mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star) 
    CALL REYN(G,D_h1,mu:Re_h) 
   a = (2.457*LN(1/((7/Re_h)^.9+(.27*epsilon/D_h1))))^16 
 B = (37530/Re_h)^16 
 f_f = 2*(((8/Re_h)^12)+(1/(a+B)^(1.5)))^(1/12) 
 
 dPmajor= DELTAP_SP(f_f,L1,D_h1,G,T_ref,P_ref_star) 
ENDIF 
 
dPminor = (0.13+0.2+ 2*1.25+0.0175*0.02*2/0.5*90+0.21/2+0.2)*V_suc1^2/2000/vsl 
ELSE 
L2 = 13*0.0254      {second section length} 
L3 = 96*0.0254      {third section length} 
 
{L1 = L2+L3} 
 
D_h1 = 0.5*0.0254 
D_h2 = 0.625*0.0254 
 
Area1 = D_h1^2/4*PI 
Area2 = D_h2^2/4*PI 
 
G1 = m_dot/Area1 
G2 = m_dot/Area2/2 
 
V_suc1 = m_dot*vsl/(Area1) 
V_suc2 = m_dot*vsl/(Area2*2) 
 
 IF (x1<=0.9999999) THEN  
 dP42= DELTAP_TP(L3,D_h2,G2,T_ref,P_ref,x1,x1,epsilon)   
 dP41= DELTAP_TP(L2,D_h1,G1,T_ref,P_ref,x1,x1,epsilon) 
  
 CALL FRICFACT2PH(D_h1, m_dot, x1, P_ref, T_ref,config:f_f1, f_f21, f_f61) 
 CALL fricfact2ph(D_h2, m_dot, x1, P_ref, T_ref,config-1:f_f2, f_f22, f_f62) 
 {only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
 
 dP31 = f_f61*(L2/D_h1)*V_suc1^2/2000/vsl 
 dP21 = f_f21*(L2/D_h1)*V_suc1^2/2000/vsl 
 dP11 = f_f1*(L2/D_h1)*V_suc1^2/2000/vsl 
 
 
 dP32 = f_f62*(L3/D_h2)*V_suc2^2/2000/vsl 
 dP22 = f_f22*(L3/D_h2)*V_suc2^2/2000/vsl 
 dP12 = f_f2*(L3/D_h2)*V_suc2^2/2000/vsl 
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 dPmajor = dP41 + dP42 
 
 ELSE 
 P_ref_star = P_ref 
 Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
 IF (T_ref=Tsat)  THEN 
  IF (x1 = 0)  THEN 
   P_ref_star = P_ref+2 
  ELSE 
           P_ref_star = P_ref-2 
  ENDIF 
 ELSE 
 ENDIF 
 mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star) 
 
    CALL REYN(G1,D_h1,mu:Re_h1) 
 CALL FRI_F(Re_h1,D_h1,epsilon:f_f1,Re_eff1,D_eff1)  
 
    CALL REYN(G2,D_h2,mu:Re_h2) 
 CALL FRI_F(Re_h2,D_h2,epsilon:f_f2,Re_eff2,D_eff2) 
 




dPminor = ((1.25+0.07+0.2)*V_suc1^2 + (0.13+0.20)*V_suc2^2)/2000/vsl 
 
ENDIF 
Prcpi_calc = P_ref - dPmajor - dPminor 
Trcpi_calc = TEMPERATURE(r134a_ha, P=Prcpi_calc,h=hin) 




{Calculate 2-phase heat transfer coefficient in [W/m^2-K] based on Chato-Wattelet correlation 






vl = 1/ro_l 
vv = 1/ro_v 
vol_suc = volume(r134a_ha, T=T_ref, X=x1) 















{Calculate two phase heat transfer coefficient in [W/m^2-K] based upon Dobson correlation - 
condensation only} 
PROCEDURE H_REFRIG_TP(T_ref,x1,D_h,L_m,A_port,G,T_air_i,twophase_code:h,Re_l_h,m) 
 if (x1=>1) then 
x1=0.99999 
endif 
  if (x1<=0) then 
x1=0.0001 
endif 
  a = 2.22 
  n = 0.889 
  C_1 = 0.023 
  r = 0.8 
  s = 0.4 
  grav = 9.8006 
  P_crit_r134a=P_CRIT(R134a_ha) {Pc for R134a} 
  CALL Sat_Prop(T_ref:P_sat,ro_v,ro_l,mu_v,mu_l,k_v,k_l,cp_v,cp_l,h_lv) 
  CALL REYN((G*(1-x1)),D_h,mu_l:Re_l_h) 
  CALL REYN(G,D_h,mu_v:Re_vo_h) 
  CALL REYN(G,D_h,mu_l:Re_lo_h) 
 
  T_wall = T_air_i+0.75*(T_ref-T_air_i)  {gross approximation for the true wall temperature, 
avoids implicit evaluation} 
  Pr_l = mu_l*cp_l/k_l 
  Ga = grav*ro_l*(ro_l-ro_v)*(D_h^3)/(mu_l^2) 
  Ja_l = cp_l*ABS(T_ref-T_wall)/h_lv 
  Fr_l = ((G/ro_l)^2)/(grav*D_h) 
  IF (Fr_l <= 0.7)  THEN 
    c1 = 4.172+(5.48*Fr_l)-(1.564*(Fr_l^2)) 
    c2 = 1.773-(0.169*Fr_l) 
  ELSE 
    c1 = 7.242 
    c2 = 1.655 
  ENDIF 
 
 { Xttq = ((ABS((1-
x1)/x1))^0.4)*(ABS((mu_v/mu_l))^0.2)*(ABS((cp_l/cp_v))^0.2)*(ABS((k_l/k_v))^0.3)} 
  Xtt = ((ABS((1-x1)/x1))^0.875)*(ABS((mu_l/mu_v))^0.1)*(ABS((ro_v/ro_l))^0.5) 
{  Xtt = (((1-x1)/x1)^0.9)*((mu_l/mu_v)^0.1)*((ro_v/ro_l)^0.5)} 
 
  Xttq = Xtt 
  F_tp = 1+a/(Xttq^n) 
  Ft = SQRT((G^2*x1^3)/((1-x1)*ro_v^2*grav*D_h)) 
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{Alpha is liquid / mass fraction or something similar - helps compute mass in refrigerant line} 
  alpha = (1+1/Ft+Xtt)^(-0.321) 
  m = A_port*L_m*(ro_v*alpha+ro_l*(1-alpha)) 
 
  phi_l = (1.376+c1/(Xttq^c2))^0.5 
  Nu_forced = 0.0195*(Re_l_h^0.8)*(Pr_l^0.4)*phi_l 
 
  Nu_Shah = 0.023*(Re_lo_h^0.8)*(Pr_l^0.4)*(((1-x1)^(0.8))+(3.8*(x1^0.76)*(1-
x1)^0.04)/((P_sat/P_crit_r134a)^0.38)) 
 
 IF (Re_l_h <= 1250)  THEN 
    Fr_so = 0.025*(Re_l_h^1.59)*(((1+1.09*(Xttq^0.039))/Xttq)^1.5)/(Ga^0.5) 
  ELSE 
    Fr_so = 1.26*(Re_l_h^1.04)*(((1+1.09*(Xttq^0.039))/Xttq)^1.5)/(Ga^0.5) 
  ENDIF 
 
  IF (twophase_code = 1)  THEN 
    Nu = C_1*(Re_l_h^r)*(Pr_l^s)*F_tp 
  ELSE 
    IF (twophase_code = 2)  THEN 
      Nu = 0.23*(Re_vo_h^0.12)/(1+1.11*(Xttq^0.58))*((Ga*Pr_l/Ja_l)^0.25)+(ARCCOS(2*alpha-
1)/180)*Nu_forced 
    ELSE 
    IF (twophase_code = 5) THEN 
 V_suc = G*VOLUME(r134a_ha, T=T_ref,X=x1) 




 {h= F*h_l  }{h_2ph[i] } 
 Nu = F*h_l *D_h/k_l 
ELSE 
      IF (twophase_code = 4)  THEN 
        Nu = Nu_Shah 
      ELSE 
        IF (G < 500) THEN 
          IF (Fr_so <= 20) THEN 
            Nu = 
0.23*(Re_vo_h^0.12)/(1+1.11*(Xttq^0.58))*((Ga*Pr_l/Ja_l)^0.25)+(ARCCOS(2*alpha-
1)/180)*Nu_forced 
          ELSE 
            Nu = C_1*(Re_l_h^r)*(Pr_l^s)*F_tp 
          ENDIF 
        ELSE 
          Nu = C_1*(Re_l_h^r)*(Pr_l^ s)*F_tp 
        ENDIF 
 ENDIF 
      ENDIF 
    ENDIF   
  ENDIF   
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  h=Nu*k_l/D_h*1000 
END 
 
{Calculate single phase heat transfer coefficient in [W/m^2-K] based upon single phase 
correlations} 
PROCEDURE H_REF_SP(f_f,T_ref,P_ref,D_eff,L,L_m,A_ref_CS,Re_eff:h,m)   
  mu=VISCOSITY(R134a_ha,T=T_ref,P=P_ref) 
  k=CONDUCTIVITY(R134a_ha,T=T_ref,P=P_ref)/1000 
  cp=SPECHEAT(R134a_ha,T=T_ref,P=P_ref) 
  ro = 1/VOLUME(R134a_ha,T=T_ref,P=P_ref) 
  m = A_ref_CS*ro*L_m 
  Pr=mu*cp/k 
  f_f_q = f_f 
  Nu_Pohl = 0.664*(Pr^(1/3))*(Re_eff*D_eff/L)^(1/2)    {Pohlhausen Nu Correlation} 
  Nu_Gniel =(4*f_f_q/8)*(Re_eff-1000)*Pr/(1+12.7*((4*f_f_q/8)^.5)*((Pr^(2/3))-
1))*(1+(D_eff/L)^(2/3)) {Gnielinski Nu Correlation} 
  IF (Re_eff >= 2300) AND (Re_eff < 10000)  THEN 
    IF (Nu_Pohl > Nu_Gniel)  THEN 
      Nu = (Nu_Gniel+Nu_Pohl)/2 
    ELSE 
      Nu = Nu_Gniel 
    ENDIF 
  ELSE 
    IF (Re_eff >= 10000)  THEN 
      Nu = Nu_Gniel 
    ELSE 
      Nu = (2.49^3+1.61^3*Re_eff*Pr*D_eff/L)^(1/3) 
    ENDIF 
  ENDIF 
  h=Nu*k/D_eff*1000 
END 
 
{Select heat transfer and pressure drop correlations based upon phase of refrigerant and 





  IF (x1 < 0.0001)  THEN 
    x1 = 0 
  ELSE 
  ENDIF 
  IF (x1 <= 0.0001) OR (x1 => 0.9999)  THEN 
  P_ref_star = P_ref 
 
    Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
    IF (T_ref=Tsat)  THEN 
      IF (x1 = 0)  THEN 
        P_ref_star = P_ref+5 
      ELSE 
        P_ref_star = P_ref-5 
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      ENDIF 
    ELSE 
    ENDIF 
    mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star) 
   CALL REYN(G,D_h,mu:Re_h) 
    CALL FRI_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
    CALL H_REF_SP(f_f,T_ref,P_ref_star,D_eff,L_cnd,L,A_port,Re_eff:h_c_ref,m)   
    IF (direction = 1) THEN 
     P_next = P_ref - DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref_star) 
 ELSE 
 P_next = P_ref + DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref_star) 
    ENDIF 
  ELSE 
 
    IF (direction = 1)  THEN 
 CALL H_REFRIG_TP_EVAP(T_ref,x1,D_h,A_port,G:h_c_ref,Re_eff,m) 
     P_next = P_ref - DELTAP_TP(L,D_h,G,T_ref,P_ref,x1,x2,epsilon) 
     ELSE 
 CALL  h_refrig_TP(T_ref,x1,D_h,L,A_port,G,T_air_i,twophase_code:h_c_ref,Re_eff,m) 
 P_next = P_ref + DELTAP_TP(L,D_h,G,T_ref,P_ref,x1,x2,epsilon) 
    ENDIF 
  ENDIF 
END 
 
{-------------------------------------------------- Main Program --------------------------------------------------
} 
{Units are:  m, kW, kPa and C unless otherwise stated} 
 
twophase_code = 3  {flag for two phase condensation correlation, 1 for annular, 2 for wavy, 3 to 
decide appropriate correlation using Dobson's criteria,  and 4 for Shah's 1978 Correlation.  
Applies to 2 - phase heat Xfer coeff.} 
grav = 9.8006 
epsilon_port = 0.000005   {absolute roughness of port tube length} 
epsilon = 0.000005   {absolute roughness of suction line piping} 
FLOW = 1 
 
N_port.liq = 1 
N_port.suc = 3 
 
P_port.liq    = PI*0.277*0.0254  { 0.018854}        "port perimeter 
liquid line" 
A_port.liq    = PI*(0.277)^2*0.0254^2/4 { 0.00002827}     "port cross 
sectional area liquid line" 
 
A_suction = (PI/4*(0.652^2 - 0.383^2) - 3*0.050*(0.652-0.383))*0.0254^2  "total 
cross sectional area of suction line" 
 
P_port.suc  =  (PI*(0.652 + 0.383) - 6*0.050 + 6*(0.652-0.383))*0.0254/N_port.suc  {0.01469}
 "port perimeter - suction" 
P_webtotal_port = (PI*0.652 - 3*0.050+6*(0.652-0.383))*0.0254/N_port.suc 
P_web_port= 6*(0.652-0.383)*0.0254/N_port.suc 
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P_shell_port = P_webtotal_port - P_web_port 
P_direct_port = P_port.suc - P_webtotal_port 
 
Thickness_shellX2 = 0.096*0.0254 
Thickness_web = 0.050*0.0254 
 
A_port.suc  =  A_suction/N_port.suc {0.00001321} "port area suction" 
K_fin=174     "conductivity of  fin material   [W/m-K] " 
 
 
D_h.liq = 4*A_port.liq/P_port.liq 
D_h.suc = 4*A_port.suc/P_port.suc 
A_ref_liquid = N_port.liq*A_port.liq*config 
A_ref_suc = N_port.suc*A_port.suc*config 
 
NN=10 "Number of nodes in IHX model" 
config = LOOKUP(ii,'config')   "1 is for 1.0m, 1.5m SLHX.  2 is for 2 parallel 1.5m slhx's" 
 
{ii=47 "denotes which row to take data from in lookup table"} 
shorten =0 
downstream = 1  "flags to denote direction of flow - downstream means increasing node 
number is downstream.  " 
upstream = -1 "Since iterations begin at orifice / evap outlet, increasing node number moves 
toward compressor and" 
    "condenser.  Use downstream with low pressure side, upstream with high 
pressure sideAlso means low pressure side of IHX" 
 
"HX and system properties" 
L_slhx = ABS(LOOKUP(ii, 'L_slhx')) 
 
m_dot_meas = LOOKUP(ii, 'mr')/1000 
m_dot = m_dot_meas 
 
Pcro_meas= LOOKUP(ii, 'Pcro') 
Tcro_meas = LOOKUP(ii,'Tcro') 





Prcpi_meas = LOOKUP(ii,'Prcpi') 
 
"SLHX liquid line properties at node 0" 
Tllhxi[0] = Tori_meas "Temperature(r134a_ha, P=Pllhxi[0], T = Tori_meas)   {X=Xllhxi[0]}" 
xllhxi[0] = 0  {QUAL(Tllhxi[0],Pllhxi[0],hllhxi[0])} 
Pllhxi[0] = Pcro_meas - 1 
 
"Pressure drop from outlet of evap to inlet of SLHX" 
x_out_o_m= LOOKUP(ii, 'x_out_o_m_calc2') "X_out_o_m_calc2 is the evaporator exit quality 
based on the enthalpy from  temperature/pressure measurements at inlet to compressor and a 
liquid side heat bablance on the IHX" 
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Pevap_out = Pero_meas 
Tevap_out = TEMP(Pero_meas, x_out_o_m, Tero_meas) 
 
Call inletpressuredrop(Tevap_out, Pevap_out, x_out_o_m, 
m_dot,config,epsilon:Tslhxi[0],Pslhxi[0],xslhxi[0]) 
"SLHX suction line properties at node 0" 
 
 
"location of node 0" 
XLOC[0]=0.0 
 
"Determine array variable properties at node zero for suction and liquid side" 
 DT_sub[0] = TEMPERATURE(r134a_ha,P=Pllhxi[0], X=0.5) - Tllhxi[0] 





"Enthalpy at node 0" 
  hslhxi[0] = ENTH(Pslhxi[0],Tslhxi[0],xslhxi[0]) 
  hllhxi[0] = ENTH(Pllhxi[0],Tllhxi[0],xllhxi[0]) 
 
duplicate i=1,NN 
 L_suc[i] =( L_slhx)/(NN) 
  L_liq[i] = L_suc[i]  
 L_hx[i] = L_suc[i]  
 XLOC[i]=L_hx[i]*(i) 
END 
"Begin loop on IHX heat balance, starting from evaporator exit / liquid line exit from IHX" 
duplicate i=1,NN- shorten 
 
 {sub cooling of liquid line} 
 DT_sub[i] = TEMPERATURE(r134a_ha,P=Pllhxi[i], X=0.5) - Tllhxi[i] 
 DT_sup[i] = Tslhxi[i] - TEMPERATURE(r134a_ha,P=Pslhxi[i], X=0.5)  
 
 {Pressure drop across low pressure side}  
 
 dP_suc[i]=  Pslhxi[i-1] - Pslhxi[i] 
 
 {Pressure drop across high pressure side} 
  dP_liq[i]= (Pllhxi[i] - Pllhxi[i-1]) 
 
{enthalpy and quality at node i} 
  hllhxi[i] = ENTH(Pllhxi[i],Tllhxi[i],xllhxi[i]) 
   xllhxi[i] = QUAL(Tllhxi[i],Pllhxi[i],hllhxi[i]) 
 
{select heat transfer coefficient and calculate high pressure side at node i} 





  hslhxi[i] = ENTH(Pslhxi[i],Tslhxi[i],xslhxi[i]) 
   xslhxi[i] = QUAL(Tslhxi[i],Pslhxi[i],hslhxi[i]) 
 
{select heat transfer coefficient and calculate low pressure side at node i} 




{Fin efficiency of web on low pressure side} 
eta_web[i] = tanh(P_web_port*SQRT(2*h_suc[i] 
/K_fin/Thickness_web))/(P_web_port*SQRT(2*h_suc[i]/K_fin/Thickness_web)) 
 
{Fin efficiency of shell on low pressure side} 
eta_shell[i] = tanh(P_shell_port*SQRT(2*h_suc[i] 
/K_fin/Thickness_shellX2))/(P_shell_port*SQRT(2*h_suc[i]/K_fin/Thickness_shellX2)) 
 
{total fin efficiency of low pressure side} 
eta_suc_efficiency[i]*P_port.suc = P_web_port*eta_web[i] + P_shell_port*eta_web[i]**eta_shell[i] 
+ P_direct_port 
 
{resistance of low pressure and high pressure side} 
 R_suc[i] = 1000/(h_suc[i]*N_port.suc*eta_suc_efficiency[i]*P_port.suc*config) 
 R_liq[i] = 1000/(P_port.liq*N_port.liq*h_liq[i]*config) 
 
 UP[i] = (R_suc[i] + R_liq[i])^(-1)  
 UA[i] = UP[i]*L_hx[i] 
 
{energy balance on low pressure side} 
 Q[i]=m_dot*(hslhxi[i] - hslhxi[i-1]) 
{energy balance on high pressure side} 
 Q[i]=m_dot*(hllhxi[i] - hllhxi[i-1]) 
exponential_b[i] = ((Tllhxi[i-1]-Tslhxi[i])-(Tllhxi[i]-Tslhxi[i-1]))/Q[i]*UA[i] 
Tslhxi[i]=Tllhxi[i-1]-(Tllhxi[i]-Tslhxi[i-1])*exp(exponential_b[i]) 
"Finds wall temperature" 
 Q[i]=(Tllhxi[i]-Twall[i])/R_liq[i]*L_hx[i] 
end 
Tllout = Tllhxi[NN] 
Pllout = Pllhxi[NN] 
Xllout = Xllhxi[NN] 
Hllout = hllhxi[NN] 
Tslout = Tslhxi[NN] 
Pslout = Pslhxi[NN] 
Xslout = Xslhxi[NN] 
hslout  = hslhxi[NN] 
{pressure drop along suction line leading from SLHX to compressor} 
call outletpressuredrop(Tslout, Pslout, Xslout, 
m_dot,config,epsilon:Trcpi_calc,Prcpi_calc,xrcpi_calc) 
hrcpi_calc = hslout 
srcpi_calc = entropy(r134a_ha, P=Prcpi_calc, H=hrcpi_calc)  
{find average heat transfer coefficients on high and low sides of HX} 
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h_high = sum(h_liq[i],i=1,NN)/(NN) 
h_low = sum(h_suc[i],i=1,NN)/(NN) 
{total predicted heat transfer of HX} 
Q_slhx_pred =sum(Q[i],i=1,NN) 
{Predicted HX'er effectiveness} 
qmaxl_pred_slhx  = Hllout- enthalpy(r134a_ha,T=Tslhxi[0], P=Pllhxi[0]) 
qmaxs_pred_slhx = enthalpy(r134a_ha,T=Tllhxi[NN],P=Pslhxi[NN]) - hslhxi[0] 
qmin_slhx =min(qmaxs_pred_slhx, qmaxl_pred_slhx) 
eps_slhx_calc=Q_slhx_pred/qmin_slhx/m_dot 
"Predicted Internal heat exchanger capacity, assuming saturated exit from condenser - better 
comparison with real data" 
q_SLHX_pred_xsat= m_dot*(enthalpy(r134a_ha, X=0, P=Pllhxi[NN]) - enthalpy(r134a_ha, 
T=Tllhxi[0], P=Pllhxi[0])   ) 
q_SLHX_pred_x0 = min(q_SLHX_pred_xsat,Q_slhx_pred) 
{SLHX capacity - assumes subcooled or saturated exit from condenser} 
hcro = ENTH(Pcro_meas,Tcro_meas,-100) 
hori = ENTH(Pcro_meas,Tori_meas,xllhxi[0]) 
Q_slhx_meas = m_dot*(hcro- hori) 
{Calculate measured HX'er effectiveness} 
qmax_slhxl = enthalpy(r134a_ha,T=Tcro_meas,P=Pcro_meas) - enthalpy(r134a_ha,T=Tero_meas, 
P=Pcro_meas) 
qmaxs_slhx = enthalpy(r134a_ha,T=Tcro_meas,P=Prcpi_meas) - hslhxi[0] 
qmin1_slhx =min(qmaxs_slhx, qmax_slhxl) 
Q_slhx_meas = eps_slhx_meas*qmin1_slhx*m_dot 
"Predicted specific volume at compressor inlet" 
vcompin = volume(r134a_ha, P=Prcpi_calc -1, T=Trcpi_calc) 
"actual specific volume at compressor inlet" 
vcompin_actual  = volume(r134a_ha, P=Prcpi_meas, T=Trcpi_meas) 
"Enthalpy at compressor inlet - measured" 
hrcpi_meas = enthalpy(r134a_ha,T=Trcpi_meas,P=Prcpi_meas) 
"Pressure drop of inlet lines on low pressure side" 
DP_inlet_lines = Pevap_out - Pslhxi[0] 
"total pressure drop on high and low pressure sides of IHX" 
DP_Low=sum(DP_suc[I],I=1,NN) 
DP_High=sum(DP_liq[I],I=1,NN) 
"Pressure drop of oulet line on low pressure side of IHX" 
DP_outlet_lines = Pslout - Prcpi_calc  
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Appendix G: Cycle based system model 
This appendix contains the cycle based s imulation model of an R134a mobile air conditioning system.  The 
model was written in Engineering Equation Solver (EES) Academic version 6.036.  Comments are enclosed in 
braces {} or quotes “”. 
 
"-------------------------------------------------- Procedures --------------------------------------------------" 
{Gives quality based on enthalpy and pressure or temperature.  Subcooled region has a quality 
of zero, superheat one} 
FUNCTION QUAL(Tr,Pr,Hr) 
PCRIT = P_CRIT(R134a_ha) 
IF  (Pr>PCRIT) THEN 
QUAL = 100 
ELSE 
  QUAL = QUALITY(R134a_ha,P=Pr,H=Hr) 
ENDIF 
  IF (QUAL <= 0.000000001)  THEN 
    QUAL = 0.000000 
  ELSE 
    IF (QUAL => 0.99999999)  THEN 
      QUAL = 1.000000 
    ELSE 
    ENDIF 
  ENDIF 
END 
{determines refrigerant temperature to use as input to model} 
Function Temp(P1,X1,T1) 
 
IF (X1>=1.00) THEN 
 Temp = T1 
ELSE 




{Gives enthalpy from pressure and temperature or quality and temperature or pressure, 
depending upon zone and calculation method} 
FUNCTION ENTH(Pr,Tr,Xr) 
IF (Pr >= 3500.0) THEN 




  IF (Xr <= 0)  OR (Xr >= 1)  THEN 
    Tsat = TEMPERATURE(R134a_ha,P=Pr,X=0.5) 
    IF (Tsat=Tr)  THEN 
        ENTH = ENTHALPY(R134a_ha,P=Pr,X=Xr) 
    ELSE 
      ENTH = ENTHALPY(R134a_ha,T=Tr,P=Pr) 
    ENDIF 
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  ELSE 
Tcrit = T_CRIT(R134a_ha) 
 If (Tr>=Tcrit) then 
 Enth = enthalpy(r134a_ha, T=Tr, P=Pr) 
 else 
 ENTH = ENTHALPY(R134a_ha,T=Tr,X=Xr) 
 endif 
 
  ENDIF 
END 
{Gives entropy from pressure and temperature or quality and temperature or pressure, 
depending  upon zone and calculation method} 
FUNCTION ENTROP(Pr,Tr,Xr) 
IF (Pr >= 3500.0) THEN 




  IF (Xr <= 0)  OR (Xr >= 1)  THEN 
    Tsat = TEMPERATURE(R134a_ha,P=Pr,X=0.5) 
    IF (Tsat=Tr)  THEN 
        ENTROP = ENTROPY(R134a_ha,P=Pr,X=Xr) 
    ELSE 
      ENTROP = ENTROPY(R134a_ha,T=Tr,P=Pr) 
    ENDIF 
  ELSE 
Tcrit = T_CRIT(R134a_ha) 
 If (Tr>=Tcrit) then 
 ENTROP = ENTROPY(R134a_ha, T=Tr, P=Pr) 
 else 
 ENTROP = ENTROPY(R134a_ha,T=Tr,X=Xr) 
 endif 
 
  ENDIF 
END 
 
{Calculate Fanning friction factor in turbulent and laminar regions for single phase flow} 
PROCEDURE Fri_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
  f_f_l = 13.33/Re_h 
  D_le = 64/(4*f_f_l*Re_h)*D_h 
  D_ic = 1.5*D_h 
  Re_le = Re_h*(D_le/D_h) 
  Re_ic = Re_h*(D_ic/D_h) 
  IF ((Re_le+Re_ic)/2 > 3000)  THEN 
    Re_eff = Re_ic  
    D_eff = D_ic  
  ELSE 
    Re_eff = Re_le  
    D_eff = D_le  
  ENDIF 
  A = (2.457*ln(1/((7/Re_h)^.9+(.27*epsilon/D_h))))^16 
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  B = (37530/Re_h)^16 
  f_f = 2*(((8/Re_h)^12)+(1/(A+B)^(1.5)))^(1/12) 
END 
 










{Calculate saturation properties based upon saturation temperature} 
PROCEDURE Sat_Prop(T_ref:P_sat,ro_v,ro_l,mu_v,mu_l,k_v,k_l,cp_v,cp_l,h_lv) 
Tcrit = T_CRIT(R134a_ha) 
 If (T_ref>=Tcrit) then 
ro_v=1/VOLUME(R134a_ha,T=Tcrit-10, X=1) 
  ro_l=1/VOLUME(R134a_ha,T=Tcrit-10, X=0) 
  P_sat=PRESSURE(R134a_ha,T=Tcrit-10,x=0.5) 
  h_lv=ENTHALPY(R134a_ha,T=Tcrit-10,X=1)-ENTHALPY(R134a_ha,T=Tcrit-10,X=0) 
 else 
ro_v=1/VOLUME(R134a_ha,T=T_ref,X=1) 
  ro_l=1/VOLUME(R134a_ha,T=T_ref,X=0) 
  P_sat=PRESSURE(R134a_ha,T=T_ref,x=0.5) 
  h_lv=ENTHALPY(R134a_ha,T=T_ref,X=1)-ENTHALPY(R134a_ha,T=T_ref,X=0) 
 endif   
  mu_v=VISCOSITY(R134a_ha,T=T_ref,P=P_sat-1) 
  mu_l=VISCOSITY(R134a_ha,T=T_ref,P=P_sat+1) 
  k_v=CONDUCTIVITY(R134a_ha,T=T_ref,P=P_sat-1)/1000 
  k_l=CONDUCTIVITY(R134a_ha,T=T_ref,P=P_sat+1)/1000 
  cp_l=SPECHEAT(R134a_ha,T=T_ref,P=P_sat+1) 




Procedure ST(T:Ten1)   " surface tension " 
 
{ Surface tension for R744 } 
{ Ten = 4.4145-0.18442*T+0.00104*T^2+6.75665E-6*T^3} 
 
{Surface tension for 134a } 
   Ten = 11.70498-0.14503*T+1.67711e-4*T^2+1.02894E-6*T^3 




{ T. N. Tran, M.-C. Chyu, M. W. Wambsganss, and D. M. France: Two-phase pressure drop of 
refrigerants during flow boiling in small channels: An experimental investigation and 





















{ Souza correlation } 
Procedure sigmaF(vl,vv,mul,muv,x,G:fai) 






{ pressure drop calculation  
From  Souza, A. L., and Pimenta, M.M., Prediction of pressure drop during horizontal two-
phase flow  







dP = f*G^2*L/D/ro_l*fai/2000     "friction part " 
end 
 
   {Calculate pressure drop between two points in single phase region} 
FUNCTION DELTAP_SP(f_f,L,D_h,G,T_ref,P_ref) 
  v = VOLUME(R134a_ha,T=T_ref,P=P_ref) 
  DELTAP_SP := f_f*2*(G^2)*v*(L/D_h)/1000 
END 
 
{Calculate Reynold's number for input mass flux, diameter, and dynamic viscosity} 
PROCEDURE ReyN(G,D,mu:Re) 




{Calculate pressure drop between two points in two phase region} 
FUNCTION DELTAP_TP(L,D_h,G,Tr,Pr,x1,x2,epsilon) 
  IF (x2 < 0.001)  THEN 
    DELTAP_TP = 0 
  ELSE 
    P_sat = PRESSURE(R134a_ha, T=Tr,x=.5) 
    ro_v=1/VOLUME(R134a_ha,T=Tr,X=1) 
    ro_l=1/VOLUME(R134a_ha,T=Tr,X=0) 
    mu_v=VISCOSITY(R134a_ha,T=Tr,P=P_sat-1) 
    mu_l=VISCOSITY(R134a_ha,T=Tr,P=P_sat+1) 
    CALL ReyN(G,D_h,mu_l:Re_lo) 
    x_ave = (x1+x2)/2 
    alpha1 = 1/(1+((1-x1)/x1)*(ro_v/ro_l)^(2/3)) 
    alpha2 = 1/(1+((1-x2)/x2)*(ro_v/ro_l)^(2/3)) 
    Xtt = ((ABS((1-x_ave)/x_ave))^0.875)*(ABS((mu_l/mu_v))^0.125)*(ABS((ro_v/ro_l))^0.5) 
    Gamma = ((ro_l/ro_v)^(0.5))*((mu_v/mu_l)^(0.125)) 
    f_lo = (1/12.96)/((log10((6.9/Re_lo)+(epsilon/D_h/3.7)^1.11))^2) 
    DELTAP_lo = 2*f_lo*(G^2)*L/ro_l/D_h/1000 
    {DELTAP_f = DELTAP_lo/(xo-xi)*INTEGRAL((1+(Gamma^2-
1)*(x^1.75)*(1+0.9524*Gamma*Xtt^0.4126)),x,x1,x2)} 
    B = 
x2+.36363636363636*x2 (^11/4)*Gamma^2+.346327272727272727*x2^(11/4)*Gamma^3*Xtt^(20
63/5000)-.36363636363636*x2^(11/4)-.346327272727272727*x2^(11/4)*Gamma*Xtt^(2063/5000) 




    DELTAP_f = DELTAP_lo/(x2-x1)*(B-A) 
    IF (alpha2 = 0)  THEN 
      DELTAP_ac = (G^2)/1000*(-(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
    ELSE 
      IF (alpha2 = 1)  THEN 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2)))-(((x1^2)/(ro_v*alpha1))+(((1-
x1)^2)/(ro_l*(1-alpha1))))) 
      ELSE 
        DELTAP_ac = (G^2)/1000*((((x2^2)/(ro_v*alpha2))+(((1-x2)^2)/(ro_l*(1-alpha2))))-
(((x1^2)/(ro_v*alpha1))+(((1-x1)^2)/(ro_l*(1-alpha1))))) 
      ENDIF 
    ENDIF 
    DELTAP_TP := DELTAP_f + DELTAP_ac 




{calculate 2phase friction factor --------------------------------------------------------------------------------
} 
procedure fricfact2ph(D_h, m_dot, x1, P_ref, T_ref,config:f_f, f_f2, f_f6) 
$common epsilon  
grav = 9.8006 
a = 2.22 
n = 0.889 
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C_1 = 0.023 
r = 0.8 
s = 0.4 
 
 




IF (x1=> 1.000) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.000000)  THEN 






Xtt = ((ABS((1-x1)/x1))^0.875)*(ABS((mu_l/mu_v))^0.1)*(ABS((ro_v/ro_l))^0.5) 
Xttq = Xtt 
F_tp = 1+a/(Xttq^n) 
Ft = SQRT((G^2*x1^3)/((1-x1)*ro_v^2*grav*D_h)) 
 
alpha_newell = (1+1/Ft+Xtt)^(-0.321) 
alpha_zivi = 1/(1+((1-x1)/x1)*(ro_v/ro_l)^(2/3)) 
alpha_butterworth = 1/(1+0.28*(((1-x1)/x1)^0.64)*((ro_v/ro_l)^(0.36))*((mu_l/mu_v)^(0.07))) 
alpha = alpha_newell 
 
P_ref_star = P_ref 
Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
IF (T_ref=Tsat)  THEN 
 IF (x1 = 0)  THEN 
  P_ref_star = P_ref+5 
 ELSE 






G_vap = G*alpha 
 
mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star)  {vapor viscosity} 
CALL ReyN(G_vap,D_h,mu:Re_h) 
IF (Re_h<50) THEN 
Re_h = 60 
ENDIF 
f_f =(0.79*ln(Re_h)-1.64)^(-2)    {Turbulent flow} 
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{Calculate inlet pressure drop from evap to IHX -----------------------------------------------------------
-----------------} 
Procedure inletpressuredrop(T_ref, P_ref, x1, m_dot,config,epsilon:Tslhxi[0],Pslhxin,Xslhxin) 
IF (x1=> 0.9999) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.0001)  THEN 
 x1 = 0 
ENDIF 
 
hin = ENTH(P_ref,T_ref, x1) 
vsl = volume(r134a_ha, P=P_ref, H=hin) 
 
IF (config=1) THEN 
L1 = (37+36+11+14+52+9)*0.0254   "First section length"  
D_h = 0.5*0.0254      "inlet pipe diameter" 
Area = pi*D_h^2/4 
G = m_dot/Area 
V_suc = m_dot*vsl/Area 
IF (x1=>1.0) OR (x1<=0) THEN 
  
 mu = viscosity(r134a_ha, T=T_ref, P=P_ref) 
 CALL ReyN(G,D_h,mu:Re_h) 
 CALL Fri_F(Re_h,D_h,epsilon:f_f,Re_eff,D_eff) 
 dPmajor =  DELTAP_SP(f_f,L1,D_h,G,T_ref,P_ref) 
ELSE 
call fricfact2ph(D_h, m_dot, x1, P_ref, T_ref,config:f_f, f_f2, f_f6) 
{only differenc between F_f6 and f_f2 is relative roughness - gives same results when roughness 




dP3 = f_f6*(L1/D_h)*V_suc^2/2000/vsl 
dP2 = f_f2*(L1/D_h)*V_suc^2/2000/vsl 
dP1 = f_f*(L1/D_h)*V_suc^2/2000/vsl 
dPmajor = dP4 
ENDIF 
 





L1 = (3+11)*0.0254    "length of pipe 0.5 inch inside diameter"  
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L2 = (41+23+31+30)*0.0254 "length of pipe 0.625 inch in diameter" 
L3 = (13+9)*0.0254   "length of pipe with half flow rate and 0.5 inch inside diameter" 
D_h1 = 0.5*0.0254   "inlet pipe diameter1" 
D_h2 = 0.625*0.0254   "inlet pipe diameter 2" 
Area1 = D_h1^2/4*pi 
Area2 = D_h2^2/4*pi 
 
V_suc1 = m_dot*vsl/(Area1) 
V_suc2 = m_dot*vsl/(Area2) 
V_suc3 = V_suc1/2 
 
G1= m_dot/Area1 
G2 = m_dot/Area2 
G3 = m_dot/Area1/2 
 
IF (x1=>1.0) OR (x1<=0) THEN 
  
 mu = viscosity(r134a_ha, T=T_ref, P=P_ref) 
 
 CALL ReyN(G1,D_h1,mu:Re_h1) 
 CALL ReyN(G2,D_h2,mu:Re_h2) 
 CALL ReyN(G3,D_h1,mu:Re_h3) 
 
 CALL Fri_F(Re_h1,D_h1,epsilon:f_f1,Re_eff1,D_eff1) 
 CALL Fri_F(Re_h2,D_h2,epsilon:f_f2,Re_eff2,D_eff2) 
 CALL Fri_F(Re_h3,D_h1,epsilon:f_f3,Re_eff3,D_eff3) 
 
 dP41 =  DELTAP_SP(f_f1,L1,D_h1,G1,T_ref,P_ref) 
 dP42 =  DELTAP_SP(f_f2,L2,D_h2,G2,T_ref,P_ref) 
 dP43 =  DELTAP_SP(f_f3,L3,D_h1,G3,T_ref,P_ref) 
ELSE 
 
CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config-1:f_f1, f_f21, f_f61) 
CALL fricfact2ph(D_h2, m_dot, x1, P_ref, T_ref,config-1:f_f2, f_f22, f_f62) 
CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config:f_f3, f_f23, f_f63) 
{only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
 
CALL Press_D(T_ref,x1,f_f61,L1,D_h1,G1:dP41) 
dP31 = f_f61*(L1/D_h1)*V_suc1^2/2000/vsl 
dP21 = f_f21*(L1/D_h1)*V_suc1^2/2000/vsl 
dP11 = f_f1*(L1/D_h1)*V_suc1^2/2000/vsl 
 
CALL Press_D(T_ref,x1,f_f62,L2,D_h2,G2:dP42) 
dP32 = f_f62*(L2/D_h2)*V_suc2^2/2000/vsl 
dP22 = f_f22*(L2/D_h2)*V_suc2^2/2000/vsl 
dP12 = f_f2*(L2/D_h2)*V_suc2^2/2000/vsl 
 
CALL Press_D(T_ref,x1,f_f63,L3,D_h1,G3:dP43) 
dP33 = f_f63*(L3/D_h1)*V_suc3^2/2000/vsl 
dP23 = f_f23*(L3/D_h1)*V_suc3^2/2000/vsl 
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dP13 = f_f3*(L3/D_h1)*V_suc3^2/2000/vsl 
ENDIF 
dPmajor = dP41 + dP42 + dP43 
dPminor = ((1.25 + 2*0.07+0.20)*V_suc2^2+(0.2+0.13)*V_suc3^2)/2000/vsl 
ENDIF 
 
Pslhxin = P_ref - dPmajor-dPminor 
if (Pslhxin>800) then 
 if (Pslhxin<50) then 
 Pslhxin = 150 
endif 




 if(hin<100) then 
 hin = 100 
 endif   
hin = 500 
endif 
Tslhxi[0] = temperature(r134a_ha, P=Pslhxin, H = hin) 




{Calculate outlet pressure drop from IHX to compressor} 
Procedure outletpressuredrop(T_ref, P_ref, x1, 
m_dot,config,epsilon:Trcpi_calc,Prcpi_calc,xrcpi_calc) 
 
IF (x1 => 0.9999) THEN 
 x1 = 1 
ENDIF 
 
IF (x1 <= 0.00001)  THEN 
 x1 = 0 
ENDIF 
 
hin = ENTH(P_ref,T_ref, x1) 
vsl = volume(r134a_ha, P=P_ref, H=hin) 
 
IF (config=1) THEN 
L2 = 9*0.0254      "second section length" 
L3 = 4.5*0.0254      "third section length" 
L4 = 63*0.0254      "fourth section length" 
L5 = 29.5*0.0254      "fifth section length" 
L1 = L2+L3+L4+L5 
 
D_h1 = 0.5*0.0254 
Area = D_h1^2/4*pi 
G = m_dot/Area 
V_suc1 = G*vsl 
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 IF (x1<=0.999) THEN 
 
 CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config:f_f1, f_f21, f_f61) 
 {only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
 CALL Press_D(T_ref,x1,f_f61,L1,D_h1,G:dP4) 
 
 dP3 = f_f61*(L1/D_h1)*V_suc1^2/2000/vsl 
 dP2 = f_f21*(L1/D_h1)*V_suc1^2/2000/vsl 
 dP1 = f_f1*(L1/D_h1)*V_suc1^2/2000/vsl 
 
 dPmajor = dP4 
 
 ELSE 
 P_ref_star = P_ref 
 Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
 IF (T_ref=Tsat)  THEN 
  IF (x1 = 0)  THEN 
   P_ref_star = P_ref+2 
  ELSE 
           P_ref_star = P_ref-2 
  ENDIF 
 ELSE 
 ENDIF 
 mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star) 
    CALL ReyN(G,D_h1,mu:Re_h) 
   a = (2.457*ln(1/((7/Re_h)^.9+(.27*epsilon/D_h1))))^16 
 B = (37530/Re_h)^16 
 f_f = 2*(((8/Re_h)^12)+(1/(a+B)^(1.5)))^(1/12) 
 
 dPmajor= DELTAP_SP(f_f,L1,D_h1,G,T_ref,P_ref_star) 
ENDIF 
 
dPminor = (0.13+0.2+ 2*1.25+0.0175*0.02*2/0.5*90+0.21/2+0.2)*V_suc1^2/2000/vsl 
ELSE 
L2 = 13*0.0254      "second section length" 
L3 = 96*0.0254      "third section length" 
 
{L1 = L2+L3} 
 
D_h1 = 0.5*0.0254 
D_h2 = 0.625*0.0254 
 
Area1 = D_h1^2/4*pi 
Area2 = D_h2^2/4*pi 
 
G1 = m_dot/Area1 
G2 = m_dot/Area2/2 
 
V_suc1 = m_dot*vsl/(Area1) 
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V_suc2 = m_dot*vsl/(Area2*2) 
 
 IF (x1<=0.999) THEN 
 CALL fricfact2ph(D_h1, m_dot, x1, P_ref, T_ref,config:f_f1, f_f21, f_f61) 
 CALL fricfact2ph(D_h2, m_dot, x1, P_ref, T_ref,config-1:f_f2, f_f22, f_f62) 
 {only difference between Fri_F and f_f2 is relative roughness - gives same results when 
roughness is the same} 
  
 CALL Press_D(T_ref,x1,f_f61,L2,D_h1,G1:dP41) 
 dP31 = f_f61*(L2/D_h1)*V_suc1^2/2000/vsl 
 dP21 = f_f21*(L2/D_h1)*V_suc1^2/2000/vsl 
 dP11 = f_f1*(L2/D_h1)*V_suc1^2/2000/vsl 
 
 CALL Press_D(T_ref,x1,f_f62,L3,D_h2,G2:dP42) 
 dP32 = f_f62*(L3/D_h2)*V_suc2^2/2000/vsl 
 dP22 = f_f22*(L3/D_h2)*V_suc2^2/2000/vsl 
 dP12 = f_f2*(L3/D_h2)*V_suc2^2/2000/vsl 
 
 dPmajor = dP41 + dP42 
 
 ELSE 
 P_ref_star = P_ref 
 Tsat = TEMPERATURE(R134a_ha,P=P_ref,X=0.5) 
 IF (T_ref=Tsat)  THEN 
  IF (x1 = 0)  THEN 
   P_ref_star = P_ref+2 
  ELSE 
           P_ref_star = P_ref-2 
  ENDIF 
 ELSE 
 ENDIF 
 mu = VISCOSITY(R134a_ha,T=T_ref,P=P_ref_star) 
 
    CALL ReyN(G1,D_h1,mu:Re_h1) 
 CALL Fri_F(Re_h1,D_h1,epsilon:f_f1,Re_eff1,D_eff1)  
 
    CALL ReyN(G2,D_h2,mu:Re_h2) 
 CALL Fri_F(Re_h2,D_h2,epsilon:f_f2,Re_eff2,D_eff2) 
 




dPminor = ((1.25+0.07+0.2)*V_suc1^2 + (0.13+0.20)*V_suc2^2)/2000/vsl 
 
ENDIF 
Prcpi_calc = P_ref - dPmajor - dPminor 
Trcpi_calc = temperature(r134a_ha, P=Prcpi_calc,h=hin) 





procedure outletpressuredrop_set(Prcpi_calc, hin: Trcpi_calc, xrcpi_calc) 
 
Trcpi_calc = temperature(r134a_ha, P=Prcpi_calc,h=hin) 




"-------------------------------------------------- Main Program --------------------------------------------------
" 
 
epsilon = 0.0002   "absolute roughness of suction line piping" 
 
config = 1  "1 is for 1.0m, 1.5m SLHX.  2 is for 2 parallel 1.5m slhx's" 
 
"HX and system properties" 
m_dot = mdot_calc  
DP_sl_pred = Pevap_out - Prcpi_calc  
 
"SLHX liquid line properties at node 0" 
 
"Comment next two lines when running system model" 
xllhxout = 0  
 
"Pressure drop from outlet of evap to inlet of SLHX 
Set quality or superheat at evap exit to determine the setting of the expansion device" 
x_out_o_m= 1.003 
DT_sup = temperature(r134a_ha, h=hslhxin, P=Pevap_out) - temperature(r134a_ha, X=0.5, 
P=Pevap_out) 
 
"Calculates pressure drop from evaporator outlet to inlet of suction line heat exchanger" 
Call inletpressuredrop(Tevap_out, Pevap_out, x_out_o_m, 
m_dot,config,epsilon:Tslhxin,Pslhxin,Xslhxin) 
 
"Enthalpy at slhx inlet" 
  hslhxin = ENTH(Pslhxin,Tslhxin,Xslhxin) 
  hllhxout = ENTH(Pllhxout,Tllhxout,xllhxout) 
 
"Pressure drop in suction side of IHX (kPa)" 
DP_slhx = Pslhxin - Pslout 
DP_slhx = 0 
 
"Pressure drop in liquid side of IHX (kPa)" 
DP_llhx = Pllhxin - Pllhxout 
DP_llhx = 1 
 
"Heat tansfer in Heat exchanger" 
qmaxl_pred_slhx  = Hllhxin- enthalpy(r134a_ha,T=Tslhxin, P=Pllhxout) 
qmaxs_pred_slhx = enthalpy(r134a_ha,T=Tllhxin,P=Pslout) - hslhxin 
qmin_slhx =min(qmaxs_pred_slhx, qmaxl_pred_slhx) 
eps_slhx=Q_slhx/(qmin_slhx*m_dot) 
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eps_slhx = .7  "effectiveness of IHX, a user specified value" 
 
"Exit enthalpy for suction and liquid side" 
hslout = hslhxin + Q_slhx/m_dot 
Hllhxin = hllhxout + Q_slhx/m_dot 
 
"Exit quality for suction and liquid side" 
Xslout = QUAL(Tslout,Pslout,hslout) 
Xllhxin =quality(r134a_ha, P=Pllhxin, h=Hllhxin) 
 
"Exit temperature for suction side" 
Tslout = temperature(r134a_ha,P=Pslout, H=hslout) 
 
"Inlet temperature on liquid side" 
Tllhxin = temperature(r134a_ha, P=Pllhxin, h=Hllhxin) 
 
"pressure drop along suction line leading from SLHX to compressor" 
call outletpressuredrop_set(Prcpi_calc, hrcpi_calc: Trcpi_calc, xrcpi_calc) 
hrcpi_calc = hslout 




 "Data from experiment" 
 
Tcai = 43.1625  
UA_cond =  -0.3158 
increaseUA_cond = 1 
m_dot_air_cond=0.643175 
 
RHc = 0.4 
DPcr = 0.0239*(1000*m_dot)^2 - 0.0765*(1000*m_dot) + 13.838  "experimentally found 
relationship for this condenser and associated piping" 
 
 "Inlet state, refrigerant" 
hcri = enthalpy(r134a_ha, T=Tcri, P=Pcri) 
Pcri = Pllhxin + DPcr 
 
 "Inlet state, air" 
h_cond_air_in = enthalpy(airh2o, T=Tcai, R=RHc,P=100) 
RHc = Relhum(airh2o, T=Tcai,P=100,W=Wc) 
 
 "Outlet state, refrigerant" 
DT_sub = TEMPERATURE(R134a_ha,X=0.5, P=Pllhxin) - Tllhxin 
DT_sub =5.54 
 
 "Outlet state, air" 
h_cond_air_out = enthalpy(airh2o, T=Tcn2, W=Wc, P=100) 
 
 "Refrigerant side energy balance" 
Q_cond = m_dot*(hcri - Hllhxin) 
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 "Airside energy balance" 
Q_cond = m_dot_air_cond*(h_cond_air_out - h_cond_air_in) 
 
 "heat exchanger balance: Q = UA*LMTD" 
exponential_cond = (Tcai - Tcn2-(-Tcri+Tllhxin))/Q_cond*(UA_cond) 
Tcai=Tllhxin+(Tcn2 - Tcri)*exp(exponential_cond) 
 
{Compressor modeling equations} 
 
"Compressor equations / mass flow 
rate________________________________________________" 
 "Data from experiment" 
eta_v =  0.8855  
eta_isen =  0.6867 
eta_m= 0.6133   
V_c =4113   "compressor shaft speed, rpm" 
omega =V_c/60 
{V_suc = 155/100^3 }"suction volume for FS-10 compressor, m^3" 
V_suc = 85.9/100^3   "suction volume for Sanden scroll compressor, m^3" 
 
P_ratio_calc = Pllhxin/Prcpi_calc  
 
 "Flow rate calculations" 
vcompin = volume(r134a_ha, P=Prcpi_calc, H=hrcpi_calc)  
mdot_calc= omega*V_suc/vcompin*eta_v 
mdot_calc_gps = 1000*mdot_calc  
 
 
"Calculate inlet enthalpy to condenser and compressor work based on isentropic efficiencies of 
the compressor" 
 







"data from experimental setup" 
Rhei =0.5041 
Teai = 43.22  
m_dot_air_evap =  0.142575 
UA_evap_sensible= 0.2051 
DPer = 0.0072*(1000*m_dot)^2 +1.3024*(1000*m_dot) -14.301"experimentally found 
relationship for this evaporator" 
percincUA_evap =  1.0 
 
"inlet state, refrigerant" 
Teri = temperature(r134a_ha, p=Peri_calc, h=hllhxout) 
X_evap_in = quality(r134a_ha, P=Peri_calc, H=hllhxout) 
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Peri_calc = Pevap_out + DPer 
 
 "outlet state, refrigerant" 
hfe = enthalpy(r134a_ha, P=Pevap_out, X=0) 
hfge = enthalpy(r134a_ha, P=Pevap_out, X=1) - hfe 
x_out_o_m = (hslhxin-hfe)/(hfge) 
 
 "inlet state, airside" 
 
 "outlet state, airside" 
 
 "refrigerant side balance" 
Q_evap = m_dot*(hslhxin - hllhxout) 
 
Q_evap_baseline = 7.212 
Q_evap = Q_evap_baseline*(1+percent_increase/100) 
 
 
percent_increase =-5  "percentage increase in baseline capacity desired: a user specified 
variable" 
 
 "airside balance" 
Q_evap_sensible = m_dot_air_evap*SPECHEAT(Air,T=Teai)*(Teai - Teao)  
 
 "heat exchanger balance: Q = UA*LMTD" 
exponential_evap = (Teai - Teao-(-Teri+Tevap_out ))/Q_evap_sensible*(UA_evap_sensible) 
Teai=Tevap_out +(Teao - Teri)* exp(exponential_evap) 
Q_latent = Q_ratio*Q_evap_sensible  
Q_evap = Q_latent +Q_evap_sensible  
Q_ratio = 1.668 
"_______________________________________________System 
efficiency__________________________" 
 "measured value of COP" 
COP = Q_evap/W_comp 
(COP - COP_baseline) / COP_baseline*100 = COP_perinc 
COP_baseline = 1.548 
" 
Defining state points into arrays  
1 - compressor inlet 
2 - compressor outlet, condenser inlet 
3 - condenser 2phase begin - outlet pressure  
4  - condenser 2phase end - outlet pressure  
5 - condenser outlet, SLHX liquid inlet 
6 - SLHX liquid outlet, expansion inlet  (assumed all sub-cooled) 
7 - expansion outlet, evap inlet    (2-phase) 
8 - evaporator 2phase end, superheat begin  
9 - evap outlet, SLHX suction inlet 
10 - SLHX 2phase end, superheat begin 
11 -  SLHX suction outlet 




P[1] = Prcpi_calc 
T[1]  = Trcpi_calc 
h[1] = hrcpi_calc 
P[2] = Pcri 
T[2] = Tcri 
h[2] = hcri 
P[3] =Pllhxin 
T[3] = temperature(r134a_ha, P=P[3], X=0.5) 
h[3] = enthalpy(r134a_ha, P=P[3], X=1) 
P[4] = P[3] 
T[4] = T[3] 
h[4] = enthalpy(r134a_ha, P=P[3], X=0) 
p[5] = P[4] 
T[5] = Tllhxin 
h[5] = Hllhxin 
p[6] = Pllhxout 
T[6] = Tllhxout 
h[6] = hllhxout 
P[7] = Peri_calc 
T[7] = Teri 
h[7] = h[6] 
P[8] = Pslhxin 
T[8] = temperature(r134a_ha, P=P[8], X=1) 
h[8] = enthalpy(r134a_ha, P=P[8], X=1) 
p[9] = Pslhxin 
T[9] = Tslhxin 
h[9] = hslhxin 
{p[10] = Pslout 
T[10] =  temperature(r134a_ha, P=P[10], X=1) 
h[10] = enthalpy(r134a_ha, P=P[10], X=1)} 
p[10] = p[9] 
T[10] = T[9] 
h[10] =h[9] 
p[11] = Pslout 
T[11] = Tslout 
h[11] = hslout 
P[12] = Prcpi_calc 
T[12]  = Trcpi_calc  
h[12] = hrcpi_calc} 
 
